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ABSTRACT 

As a supplement to Project Physics Unit 5, a 
collection of articles is presented in this reader for student 
browsing. Nine excerpts are given under the following headings: 
failure and success, Einstein, Mr. Tompkins and simultaneity, parable 
of the surveyors, outside and inside the elevator, the teacher and 
the Bohr tjieory of atom, Dirac and Bom, the sea-captain's box, and 
looking for a new law. six bo<* passages are selected from related 
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Schrodingejr* s %iork, moon explorers' discoveries concerned with the 
island of research, relativity, possibility of inadequacies in 
education policies, evolution of ^ysicist's picture of nature, 
fundamentals of *rave mechanics, and physical and engineering problems 
in space travel. Illustrations are included for explanation purposes. 
The work of Harvard project Physics has been financially supported 
by: the Carnegie corporation of New York, the Ford Foundation, the 
National Science Foundation, the Alfred P. Sloan Foundation, the 
United States Office of Education, and Harvard University. (CC) 
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This is not a physics textbook.. Rather, it is a physics 
reader, c ccMection of some of the best articles and 
book passages on physics. A few are on historic events 
in scien^-s, others contain some particularly memorable 
descript on of what physicists do; still others deal with 
philosophy of science, or with the impact of scientific 
thought c the imagination of the artist.. 

There are old and new classics, and olso some little- 
known publications; many have been suggested for in- 
clusion because some teacher or physicist remembered 
an article with particular fondness. The majority of 
articles is not drawn from scientific papers of historic 
importance themselves, because material from many of 
these is readily available, either as quotations in the 
Project Physics text or in special collections. 

This collection is meant for your browsing.. If you follow 
your own reading interests, chances are good that you 
will find here many pages that convey the joy these 
authors have in their work and fhe excitement of their 
ideas. If you want to follow up on interesting excerpts, 
the sourc6 list at the end of the reader will guide you 
for further reading. 
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Failure and Success 

Charles Percy Snow 



Almost as soon as I took up the problem again, it struck 
me in a new light. All my other attempts have been absurd, 
I thought: if I turn them down and make another guess, 
then what? The guess didn't seem probable; but none of 
the others was any good at all. According to my guess, the 
structure was very different from anything one would have 
imagined; but that must be true, since the obvious sUiiCture 
didn't fit any of my facts. Soon I was designing structures 



with little knobs of plasticine for atoms and steel wires to 
hold them together; I made up the old ones, for comparison's 
sake, and then I built my new one, which looked very odd, 
very different from any structure I had ever seen. Yet I was 
excited— ''I think it worb,'' I said, ^'I think it works." 

For I had brought back to mind some calculations of the 
scattering curves, assuming various models. None of the 
values had been anything like the truth. I saw at once that 
the new structure ought to give something much nearer. 
Hurriedly I calculated: it was a long and tiresome and com- 
plicated piece of arithmetic, but I rushed through it, making 
mistakes through impatience and having to go over it 
again. I was startled when I got the answer: the new model 
did not give perfect agreement, but it was far closer than 
any of the others. So far as I remember, the real value at 
one point was 1.32, my previous three mode gave i.i, 
1.65 and 1,7, and the new one just under 1.4. Tm on 
it, at last/ I thought. *It's a long shot, but Vm on it at 
last/ 

For a fortnight I sifted all the evidence from the experi- 
ments since I first attacked the problem. There were a great 
many tables of figures, and a pile of X-ray photographs 
(for in my new instrument in Cambridge I was using a 
photographic detector); and I had been through most of 
them so often that I knew them almost by heart. But I went 
through them again, more carefully than ever, trying to 
interpret them in the light of the new structure. *If it's 
right,* I was thinking, *then these figures ought to run 
up to a maximum and then run down quickly.* And they 
did, though the maximum was less sharp than it should 
have been. And so on through experiments which repre- 
sented the work of over a yeai ; they all fitted the structure, 
with an allowance for a value a shade too big here, a trifle 
too small there. There were obviously approximations to 
make, I should have to modify the structure a little, but 
that it was on the right lines I was certain. I walked to my 



rooms to lunch one morning, overflowing with pleasure; 
I wanted to icU someone the news; I waved violently to a 
man whom I scarcely knew, riding by on a bicycle: I 
thought of sending a wire to Audrey, but decided to go and 
sec her on the following day instead: King's Parade seemed 
a particularly admirable street, and young men shouting 
across it were all admirable young men. I had a quick 
lunch; I wanted to bask in satisfaction, but instead I 
hurried back to the laboratory so that I could have it all 
finished with no loose ends left, and then rest for a while, 
I was feeling the after-taste of effort. 

There were four photographs left to inspect. They had 
been taken earlier in the week and I had looked over them 
once. Now they had to be definitely measured and entered, 
and the work was complete. I ran over the first, it was every- 
thing I expected. The structure was fitting even better than 
in the early experiments. And the second: I lit a cigarette. 
Then the third : I gazed over the black dots. All was well — 
and then, with a thud of the heart that shook me, I saw behind 
each distinct black dot another fainter speck. The bottom 
had fallen out of everything: I was wrong, utterly wrong. 
I hunted round for another explanation: the film might be 
a false one, it might be a fluke experiment; but the look 
of it mocked me: far from being false, it was the only experi- 
ment where I had arrived at precisely the right conditions. 
Could it be explained any other way? I stared down at the 
figures, the sheets of results which I had forced into my 
scheme. My cheeks flushing dry, I tried to work this new 
photograph into my idea. An improbable assumption, 
another improbable assumption, a possibility of experi- 
mental error — I went on, fantastically, any sort of criticism 
forgotten. Still it would not fit. I was wrong, irrevocably 
wrong. I should have to begin again. 

Then I began to think: If I had not taken this photo- 
graph, what would have happened? Very easily I might 
not have taken it. I should h.ave been satisfied vith my 



idea: everyone else would have been. The evidence is over- 
whelming, except for this. I should have pulled off a big 
thing. ! should be made. Sooner or later, of course, someone 
would do this cxpenmcnt, and I should be shown to be 
wrong: but it wouia be a long time ahead, and mine v^ould 
have been an honourable sort of mistake. On my evidence 
I should have been righi. That is the way everyone would 
have looked at ii. 

I suppose, for a moment, I wanted to destroy the photo- 
graph. It was all beyond my conscious mind. And I was 
swung back, also beyond my conscious mind, by all the 
forms of— shall I call it ''conscience"— and perhaps more 
than that, by the desire which had thrown me into the 
search. For I had to get to what I myself thought v^as the 
truth. Honour, comfort and ambition were bound lo move 
me, but I think my own desire went deepest. Without any 
posturing to myself, without any sort of conscious thought, 
I laughed at the temptation to destroy the photograph. 
Rather shakily I laughed. And I wrote in my note-book: 

Mar., 30.: Photograph 3 alone has secondary dots, cor^eniric with 
major dots. This removes a 'possibility of the hypothesis of structure 
B. The interpretation from Mar. 4-30 must accordingly be dis- 
regarded. 

From that day I understood, as I ntver had before, the 
frauds that creep into science every now and then. Some- 
times they must be quite unconscious: the not-seeing of 
facts because they are inconvenient, the delusions of one's 
own senses. As though in my case I had not seen, because 
my unconscious self chose not to see, the sec., dary ring of 
dots. Sometimes, more rarely, the fraud m\}st be nearer 
to consciousness; that is, the fraud must be realised, even 
though the man cannot control it. That was the point of 
my temptation. It could only be cor/.niitted by a man in 
whom the scientific passion was weaker for the time than 



the ordinary desires for place or money. Sometimes it would 
be done, impulsively, by men in whom no faith was strong; 
and they could forget it ch^^^rfully themselves and go on 
to do good and honest work. Sometimes it would be done 
by a man who reproached himself all his life. I think I 
could pick out most kinds of fraud from among the mis- 
takes I have seen; after that afternoon I could not help 
being tolerant towards them. 

For myself, there was nothing left to do but start again. 
I looked over the entry in my note-book; the ink was still 
shining, and yet it seemed to have stood, final, leaving me 
no hope, for a long time. Because I had nothing better to 
do, I made a list of the structures I had invented and, in 
the end, discarded. There were four of them now. Slowly I 
devised another. I felt sterile. I distrusted it; and when I 
tried to test it, to think out its properties, I had to force 
my mind to work. I sat until six o'clock, working profitlessly; 
and when I walked out, and all through the night, the 
question was gnawing at me: *What is this structure? 
Shall I ever get it? Where am I going wTong?' 

I had never had two sleepless nights together before that 
week. Fulfilment deferred had hit me; I had to keep from 
reproaching myself that I had already wasted months over 
this problem, and now, just as I could consolidate my v/ork, 
I was on the way to wasting another year. I went to bed 
late and heard the Cambridge clocks, one after another, 
chime out the small hours; I would have ideas with the 
uneasy clarity of night, switch on my light, scribble in my 
note-book, look at my watch, and try to sleep again; I 
v'ould rest a little and wake up with a start, hoping that it 
was morning, to find that I had slept for twenty minutes: 
until I lay awake in a grey dawn, with all my doubts pressing 
in on me as I iried with tired eyes to look into the future. 
'What is the structure? What line must I take?' And 
then, as an under-theme, *Am I going to fail at my first 
big job? Am I always going to be a comoetent worker 



doing Jittle problems?' And another, 'I shall be vV/enty- 
six in the winter: I ought to be established. But shall I be 
getting anywhere?' My ideas, that seemed hopeful when 
I got out of bed to write them, were ridiculous when I 
saw them in this cold light. 

This went on for three nights, until my work in the day- 
time was only a pretence. Then there came a lull, when I 
forgot my v/orry for a night and slept until mid-day. But, 
though I woke refreshed, the questions began to whirl 
round again in my mind. For days it went on, and I could 
find no way out. I walked tw-nty miles one day, along the 
muddy fen-roads between the town and Ely, in ord^^r to 
clear my head; but it only made me very tired, and I drank 
myself to sleep. Another night I went to a play, but I was 
listening not to the actors' words, but to others that formed 
themselves inside mt and were giving me no rest. 

IV 

I started. My thoughts had stopped going back upon 
themselves. As I had been watching Audrey's eyes, an idea 
had flashed through the mist, quite unreasonably, illogically. 
It had no bearing at all on any of the hopeless attempts I had 
been making; I had explored every way, I thought, but 
this was new; and, too agitated to say even to myself that I 
believed it, I took out some paper and tried to work it out. 
Audrey was staring with intent eyes. I could not get very far. 
I wanted my results and tables. But everything I could put 
down rang true.. 

"An idea's just come to me,'' I explained, pretending to 
be calm. ''I don't think there's anything in it. But there 
might be a litde. But anyway I ought to try it out. And I 
haven't my books. Do you mind ifwc go back pretty soon?" 
I fancy I was getting up from the table, for Audrey smiled. 

"I'm glad you had some excuse for not listening," she 
said. 



She drove back very fast, not speaking. I made my 
plans for the work. It couldn't take less than a week, I 
thought I sat hunched up, telling myself that it might all 
be wrong again; but the structure was taking shape, and a 
part of me was beginning to laugh at my caution. Once I 
turned and saw Audrey's profile against the fields; but after 
a moment I was back in the idea. 

When I got out at the Cavendish gateway, she stayed in 
the car. "You'd better be alone," she said. 

"And you?" 

"I'll sit in Green Street." She stayed there regularly on 
her week-end visits. 
I hesitated. "It's " 

She smiled. "I'll expect you to-night. About ten 
o'clock," she said. 

V 

I saw very little of Audrey that week-end. When I went 
to her, my mind was active, my bodv tired, and despite 
myself it was more comfort . ;>ked of her. I re- 

member her smiling, a littie wiyly, and saying: "When this 
is over, we'll go away. Right away." I buried my head 
against her knees, and she stroked my hair. When she left me 
on the Monday morning, we clung to each other for a long 
time. 

For three weeks I was thrusting the idea into the mass of 
facts. I could do nothing but calculate, read up new facts, 
satisfy myself that I had made no mistakes in measuring up 
the plates: I developed an uncontrollable trick of not being 
sure whether I had made a particular measurement cor- 
rectly: repeating it: and then, after a day, the uncertainty 
returned, and to ease my mind I had to repeat it once 
more. I could scarcely read a newspaper or write a letter. 
Whatever I was doing, I was not at rest unless it was taking 
me towards the problem; and eve hen it was an unsettled 
rest, like lying :n a fever half-way to sleep. 



And yet, for all the obsessions, I was gradually being 
taken over by a calm which was new to me. I was beginning 
to feel an exultation, but it was peaceful, as different from 
wild triumph as it was from the ache in my throbbing 
nerves. For I was beginning to feel in my heart that I was 
near the truth. Beyond surmise, beyond doubt, 1 felt that 
I was nearly right; even as I lay awake in the dawn, or 
worked irritably with flushed cheeks, I was approaching 
a serenity which made the discomforts as trivial as those of 
someone else's body. 

It was after Easter now and Cambridge was almost 
empty. I was glad; I felt free as I walked the deserted 
streets. One night, when I left the laboiatory, after an 
evenmg when the new facts were falling into line and 
making the structure seem more than ever true, it was good 
to pass under the Cavendish ! Good to be in the midst of the 
great days of science! Good to be adding to the record 
of those great days! And good to walk down King's Parade 
and see the Chapel standing against a dark sky without 
any stars! 

The mingling of strain and certainty, of personal worry 
and deeper peace, was something I had never known before. 
Even at the time, 1 knew I was living in a strange happiness. 
Or, rather, I knew that when it was over I should covet its 
memory.; 

And so for weeks I was alone in the laboratory, taking 
photographs, gazing under the red lamp at films which still 
dnpped waier, carrying them into the light and studying 
them until I knew every grey speck on them, from the 
pomts which were testing my structures down to flaws and 
scratches on the surface. Then, when my eyes tired, I put 
down my lens and turned to the sheets of figures that 
contamed the results, the details of the structure and the 
predictions I was able to make. Often I would say— if this 
structure is right, then this crystal here will have its oxygen 
atom 1.2 a.u. from the nearest carbon; and the crystal will 



break along this axis, and not along that; and it will be 
harder than the last crystal I measured, but not so hard as the 
one before, and so on. For days my predictions were not 
only vaguely right, but right as closely as I could measure. 

I still possess those lists of figures, and I have stopped 
writing to look over them again. It is ten years and more 
since I first saw them and yet as I read: 

Predicted Observed 



and so on for long columns, I am warmed with something 
of that first glow. 

At last it was almost finished. I had done everything I 
could; and to make an end of it I thought out one prediction 
whose answer was irrefutable. There was one more substance 
in the organic group which I could not get in England, 
which had only been made in Munich; if my general 
structure was right, the atoms in its lattice could only have 
one pattern. For any other structure the pattern w(.uld be 
utterly different. An X-ray photograph of the crystal 
would give me all I wanted in a single day. 

It was tantalising, not having the stuff to hand. I could 
write and get some from Munich, but it would take a week, 
and a week was very long. Yet there seemed nothing else 
to do. I was beginning to write in my clumsy scientist's 
German — and then I remembered Liithy, who had returned 
to Germany a year ago. 

I cabled to him, asking if he would get a crystal and 
photograph it on his instrument. It would only take him a 
morning at the most, I thought, and we had become friendly 
enough for me to make the demand on him. Later in the 
afternoon I had his answer: **I have obtained crystal will 
telegraph result to-morrow honoured to assist. Liithy." I 
smiled at the honoured to assist", which he could not 
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possibly have left out, and sent off another cable: ''Predict 
symmetry and distances. . . 



Then I had tv^enty-four hours of waiting. Moved by some 
instinct to touch wood, I wanted to retract the last cable as 
soon as I had sent it. If~if I were wrong, no one else need 
know. But it had gone. And, nervous as I was, in a way I 
knew that I was right. Yet I slept very little that night; I 
could mock, with all the detached part of myself, at the 
tricks my body was playing, but it went on playing them. 
I had to leave my breakfast, and drank cup after cup of tea, 
and kept throwing away cigarettes I had just lighted. I 
watched myself do these things, but I could not stop them, 
m just the same way as one can watch one's own body beine 
afraid. ^ ^ 

The afternoon passed, and no telegram came. I persuaded 
myself there was scarcely time. I went out for an hour, in 
order to find it at my rooms when I returned. I went through 
all the antics and devices of waiting. I grew empty with 
anxiety as the evening drew on. I sat trying to read; the 
room was growing dark, but I did not wish to switch on the 
hght, for fear of bringing home the passage of the hours. 

At last the bell rang below. I met my landlady on the 
stairs, bringing in the telegram. I do not know whether she 
noticed that my hands were shaking as I opened it. It said: 
''Felicitations on completely accurate prediction which am 
proud to confirm apologise for delay due to instrumental 
adjustments. Luthy." I was numbed for a moment; I could 
only see Liithy bowing politely to the postal clerk as he sent 
off the telegram. I laughed, and I remember it had a queer 
sound. 

Then I was carried beyond pleasure. I have tried to show 
something of the hiph moments that science gave to me; the 
night my father talked about thestars, Luard's lesson, Austin's 
opening lecfure, the end of my first research. But this was 
different from any of them, different altogether, different 
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in kind. It was further from myself My own triumph and 
delight and success were there, but they seemed insignificant 
beside this tranquil ecstasy. It was as though I had looked 
for a truth outside myself, and finding it had become for a 
moment part of the truth I sought; as though all the world, 
the atoms and the stars, were wonderfully clear and close to 
me, and I to them, so that we were part of a lucidity more 
tremendous than any mystery. 

I had never known that such a moment could exist. Some 
of its quality, perhaps, I had captured in the delight which 
came when I brought joy to Audrey, being myself content; 
or in the times among friends, when for some rare moment, 
maybe twice in my life, I had lost myself in a common 
purpose; but these moments had, as it were, the tone of the 
experience without the experience itself. 

Since then I have never quite regained it. But one effect 
will stay with me as long as I live; once, when I was young, 
I used to sneer at the mystics who have described the experi- 
ence of being at one with God and part of the unity of things. 
After that afternoon, I did not want to laugh again; for 
though I should have interpreted the experience differently, 
I thought I knew what they meant. 
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Structure, Substructure, Superstructure 



Cyril Stanley Smith 
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An) one who works with xhc microscope for an intellt-ctual 
or practical purpose will frequenlK pause for a nionieitl 
of sheer ei.tov dieri! of the p.ittenis that he sees, for the\ 
ha\e much in ^.ominon .vith formal art What lollriws Js 
dii attempt to extend into n rnore general field s<)mt \jo\s 
on tlie nature of organization and relationships tliat jiro^c 
during man) )ear!> of stud\ oi the microstruc tures oi inetals 
and jllovs * !ii a landscape painting of the Tar East, a r<xk 
in the foreground with cracks and crystalline texture is often 
echoed in a distant mountain with cliffs chasms, wrinkles, 
and val'o\s, a tree ma) be related to a distaii: forest or a 
turbulent and eddied stream to a distant tranquil pond 
Each par» with its own structure merges into a structure on 
a larger scale Und(Tl)ing stru( tures which are onlv imag- 
ined are necessarv a< a basis for the \isible features Hie 
connectivit\ of all ls suggested b) the branthmg tree-like 
clement of the dtsigii Both separatcness and contniuit\ are 
interwoven, csch aeressarv to the other and demonstrating 
the relationship between various features on a single scalf 
and between the unii and aggregates on different scalis 
There is a close analog) between a work of art which sug- 
gests an mterplav of dunensions and the real mternal struc- 
ture of a piete of metal or rock which results from ph\sical 
interactions between the atoms and electrons composing it 
The study of niicrostrut ture on the scale wuhm the 
range of the optical microscope idsmensions between a 
micron and a nullinieier'i is a somewhat old fashioned 
branch of science, and n still m\ol\cs a high Otgree of em- 
pirical observation and deduction Far more "*highbrov\" 
IS th^ ngorous science and simple elegant niatheinatics of 
the ideal crvstal lattice considered as point groups m space 
The whole field of crystal structure, mathematicalK devel- 
oped in the nineteenth centuf)' b\ Bra\ais, Federo\, and 
Schoenflies, was experimentall) opened up by \bii Laue 
and especially the Braggs m 1912-13, using the diffraction 
of X-ra\ s to re\ eal and to measure the peruKlie ittes and s\ m- 
metries in the arrangement of planes of atoms in crvsials 
But the mathematical ph\sicist must sunplifv in order to get 

• The fOn\crsc rcl.in()iishi[) be twee li df^lhe Iks and iiiclalliir^v tfie 
mflufncf of tlif (Cfhriiqucs discovcraf f» < r ift^rncn nuking' vsdrks 
of an upon ihe dfvclo[)nuni r)l lh( virtue oi m< lals v\ as (li>>aiss< d 
at some length m mv Ihstoty oj \ietallos_taph>, C InctRo l%Oi 



Fig 1 Group of polyhedral salt cr\sials growing indiNidually from 
solution Magnification x joo {Photo by C It' Mason} 



> H*' : '.^ S.j^st { Tu»»i Superstructure 



a • idnageablr niodrl. and although Ins co:iCfpts arc of great 
br.iut\. the\ arc aust,Tf in the extreme, and the more com. 
pljcaicd cnstal patterns obsencd by the metallurgist or 
geologist, being based on partly imperfect realitv , often have 
d nrher aesthetic content Those v\ho are concerned VMth 
structure on a supcratomic scale find that there is more 
significance and interest in the imperfections in cnstals than 
in th( nionotonou"i perfection of the ci->stal lattice itself 
Like th( biolc^ist, the metallurgist is concerned VMth aggre- 
gates and assemblies m v\hich repeated or extended irregu- 
larities in the arrangement of atoms become the basis of 
major structural features on a larger scale, eventually bndg- 
mg the gap betv\een the atom and things perceptible to 
liiiniaii senses 

The s\mmetr\ of cnstals in rdation to decorati\ e orna- 
nunt ha> been treated bv manv \sriters. none better than b\ 
Hermann We\l in his S\mmetr} i Princeton, 1952; The pat- 
terns of cr\stal imj>crfectioii are less comnionU knov\'n, 
despite tficir prev aleiice and despite their relationship to so 
manv aesthetiralK satisf\ing forms m \\hich regularit\ and 
irre^uUritv arc intricately intertwined 

Crystalline Aggicgaics and Foahi Structures 

Aggregates ofcr\vtals ha\e strut tuRs vsliuh ar( defined by 
tht aiomitalK thin Uvtr ol disordered material betv\een 
the crvstals Manv thara( terisMcs of their shape art shared 
\Mth siiiiple undiff( reritialtd biologual ct IN and the sim- 
plest (omnioii soap froth In all thev. the pertinent features 
an ihe two-dinit iisioiial surfaces that separate \olunies 
ol nutter whidi. f>ii this scale, is featureless r\sf>-dimen- 
Nioiial interfaces are neccssan to define the stparatc id< ntity 



iiZ. i Rafi i»f tiiiv (imform soa[) Imhblts sIiovmiij; ' i^raui lx»und» 
ants vslurt /onf s of difh nrii< ont ruation meet \l.ii;;mfu ation x 7 

} rij 3 I)t epk et( litd st( tion of a piete of siiofmiin nu tal stiowing 
iKtvvork of )iT.i.n hourul,,ri(s re\{al((l h\ selta>\e anat k at gram 
b<Hjnd.ints Ma^nifuation x ioo ( Pholo Co^^usi M J (>rQy, Oak 
Midlff \aUonal I aboraion) 

S-ii* \ Sulfate ol o\er.lirai<d .ifniimiium sfi(< t sfiowuig tfi( begin- 
nmnof rntituii^ .it tht i^taiii f>oiindarie<{ \lai;nifrf atioii \ 4 (Photo 
( outttn lintiih Son-f-mou} ^fflaU MnfOfth Aifottation) 

tin J Ktthtd sr( tion of siluon-iron allov shovkum tlu jurution 
of ihree (rvsials Hn^ is an lii^ioiic pfioto^rapfi taken iri r898 by 
J K Sttad 
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of things in three dimrnsions Junctions of the interfaces 
themselves produce linear (one-dimensional) features, and 
these, m turn, meet at points of zero dimension This inter- 
action between dimensions, the very essence of form, is 
expresird in mathematical braut> as Euler's Law This 
simpK states that, in a connected a.rav, the number of 
points nninus the number of hnes plus the number of surfaces 
and minus the number of polyhedral cells is equal to one, i c , 

- nj + nj - nj = 1 
where no. nj.nj, and n, arc the numbers of 7cro, one, two, and 
three-dimensional features There arc no limitations to this, 
bevond the requirements of simple -onn(cti\it\ E\en more 
than Euclid, liaih Kuler g^tzed on bcautv bare 

A pure metal, when cast for, better, after a little \\orking 
and heating^ has a structure like that of Carrara murble- 
hosls of little crvstals packed together irrcgui^-Iv ^ he units 
do not look like cr>'stals, for the> lack the s\ mmetrical vertices 
and plane faces of a regular polyhedron, but internal order is 
there nevertheless Although for centuncs man has been 
tascinated by the geometrical shape and glitter of natural 
crystals, he has onl> reccntlv come to see that the essence of 
cr>stallimty hes not in external shaj>c but in the umformitv 
of the relationship of atoms to their neighbors within the 
crv'stal A single isolated crystal growmg from a solution or 
melt can grow umnterioiptedly in accordance with the dic- 
tates of the atomic stepson its surface Usaally this will result 
in a simple polyhedron (Fig Ij, reflecting the internal order 
because of its effect on the rate of growth m different direc- 
tions If many crystals start to grow m the same region, 
sooner or later they will interfere with each oth<-r Neighbor^ 
ing(rystals diffennginno way whatever but in the direction 
of th<ir atom rows m space cannot join without some imper- 
fection Figure 2 illustrates this It is a magnified photograph 
of an array of tiny imifonn bubbles floating on soapy water 
The lines of disorder that fonn betu<<n the diff<rentK. 
oriented areas of icguiarK arranged bubble m this two 
dimensional model are believed to be doicl' analogous to 
the planes of disorder constituting the boundaries betv>ecn 
the three-diniensioiMl cnstal grain, in metals, rocks, and 
other poKci->stalliii< materials I he boundaries .tre a ^urcc 
of both strength and v>fakness and they prowde ihc sites for 
the beginning of aiis < rvstallme < liange I hough themselves 
iiiMsible except at th< extreme limit of r<solut'on ofmodern 
electron and ion niicroscops, the\ differ so much m energy 
from the bods of the crystab that they are easils revealed as 
hnes of enhanced chemical attack ihig 3;, earls melting 
^Fig 4), or thev can be inferred from the sudden change of 



crsstal direction revealed bv sonr kinds of chemical attack 
on the surface (Fig 5) Patterns like these can often be seen 
with the naked e\e on the sscathered surface of a cast brass 
doorknob or hand ail, or internalU m clear ice which has 
been kept ju^t at its meltmg point for seseral hours 

.Now these boundanes. which on an atomic scale are 
just imperfections in a uniform stacking arras, on a larger 
scale themseKes become the basis of -.tructurc They arc, m 
fact, films of niatu r, distinguished by structure rather than 
co'nposition Thes must surround e\ erv <rvstal and extend 
in fodin-like fashion contmuousK through the entire mass 



b hrotli of irregular soap l>ul>l>lt s Umw mi? .m rlliilar struriurr 
aiK^lotjou^ to that ol iiw tals nie>e bubhirs vxrr I)I.ami briwren 
parallrl (^las,<. pUtrs and ar- ts^'ntialK two-cfinv nsitMial Namral 
si/t 

I-";; 7 l*aurrn oftra/e liiioo'i a v;l.i,<d tfraniit surface Mai^ni- 
(ic.Uioii V I ^ 

hiR 8 Hie^haiv of cflls in hunaii tai nsMje Magmricalion x 4<)o 
! Photo b) I' I I (Uis, Cotirtm imerKan icadmi of AtU and fiiuma ) 

hj^ {) Crs>tal t;r.iin> oJ a mnal brass, <rparatfd from an a^^re- 
vate Oiowinv ihe ii ttuial shafx- ol t r\stals wbrn packed randonils 
into tcmtat' • ith *-ic\i olher Note the frcquciics of pentagons and 
< ursfd sun * 
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Fig U) Duplrx (r\stjU sMth bands of ditTrrriu comj>wition 
fxatt orifiuatioii rrUtioriship \Mthin onr Rrain, but forming j 
o\rr.ali foam >tructJrf like J purr mrtal hrrr %rcu m a (oppr 
silicon j|lo\ VNorktd 4nd annraird Magnification x jm) 1 his 
an f tihcd set don 



S^ucturo, Sijbstructure. Superstructure 



hR It 1 hr umr alto\ a* Fir io driorniM b\ cold rolling 
Note thf hfjfrojjrnruN of ilir dioorium NiaQnifiCiHon ynt 
t Photo bs B .\ulsen, I mtnsU} oj Chuafoi 
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Fig »« Tramrormalion iiruciurr m a hardrnrd nickrl urr\, 
thOMing inirrfrrrnrr bflv^frn tiiffrrrnJK onrnird rryilab grow- 
ing Milhin Jhc lam" •ryuallinr malnx Maipifiraiifm x tjo 
(Ph»U by Dcnui lUJfman} 

Fig jj Branching paJirrn m rorroiior) of ilainlru «rrl m uian>l 
lufphatr tolulion Maj^nificatior) x rtjo ( Phau CturUty R J Gfty. 
0*k Ri4ii \Mti»n4l Lak*f4l^jr; 




Ha>mg high energy and mobiIu>. jhcy tend lo jdjuSJ «o j 
ronfiguraoon of tmail am. v.h>ch mako jhcm join each 
ojhfr aUa>s m groups of jhrcc at an . nglc of I20\ jusj a< 
do jhr films >n a froth of ioap bubhifs In a mass of bij-r 
bubbles of irregular sizr Fig 6, there v.ilU>r diffcrcntrs m 
prc«urc b<-tv*ccn adjacent bubbles to matfh the surface ten- 
sion in jhe curved films and to tetoticile the 120* angle v^ith 
the necessity to fill space Since three bubbles meet at each 
junciion. I,uler\ lav. requires thai the average bubble in an 
inrmiteK extended 4rra\ inust have exactly six sidei. but 
there is no requirement that each one !>e a hexagon. onK 
that if there are M>me v.uh more than six sidrs, there must 
be a matching number v.nh less I he froth therefore, thv)ugh 
lackmg long.ranRe syirmetn, nevertheless has ^en definite 
rules as to iii compoiition Ii ,j ple^jmg m appearaiue 



because ihe eye senses this interplay betv^een regulantv 
and irregularity The topological requirement^ of space- 
filling ngidly detennine the relationships of the v*ho!e. but 
allow any one cell to be of pretty much anv shape. v%hile 
surface tension equilibrium requires onlv that the filnu Ik 
at 120* to each other at the point of meeting. aka>% three 
together, and it produces ihe pressure differencrs that are 
needed to balance the resulting curvatures Be>ond this, all 
depends on the accidents v»hich brought a bubble of a 
particular size to a given place and surrounded it v»ith its 
particular neighbcrs, each also v»ith m private historv 

It IS mterestmg to compare a tv»o.dimen«onal soap froth 
v*ith the tooologically nmilar but geometricallv dtfferent 
pattern of craze marks ,n a ceramic glaze {Fig 7^ Though 
the cracks divide the surface mto cell* meeting three at each 
junction, (he geometry u different from the froth because 
the cracks niuu follov* the direction of stress in the glaue and 
a new crack oins an old one perpendicularly 

A foam in three dimeiuions is a hit more complicated, 
but drperids on the same principles To divide space into 
three-dimensional cells, at leas; iix tso-dimensional inter- 
faces must meet a» each point, and if surface teniion domi- 
nate they will join m groups of three at 120* to each other 
along U nes. forming cell edges, vthich meet svMimetricallv 
at the tetrahedral angle of KW 47* 'The angle v.hose coiine is 
minus »j } I his confijjuration oi three-. tv»o-. and one- 
dimensional junctiom ts repeated at everv vertex Curvature 
IS necessary to connect adjacent vertices and to recomile the 
\hort- and long-ranije nrr*1< Brcauir the |x>lvg<)m ^ell 
faces) must Ik- in groups v*hich close around each three 
dimensional cell, the average fwlvgon v«ill have a smaller 
number of sides than ti f hexagon v*hich connectedly fills 
space Ml tv*o diniensiom \o single plane polygon can meet 
the require mentt. fur it v*ould have to have 5 1(M3 tides in 
ord<-f ;o nave comer angles of 1()9 47 1 he l)esi solution that 
has been pro(xnrd <orreJiK>nds to a fourteen -sided IxxJv v*ith 
SIX plane four-sidrd faces and eight double-curvetJ hexagonal 
faces, the mixture of polygons having on the average 5'/* 
sides This cunous irrational number is of the utrnou mi- 
portance. though it is httle appreciated Certainly it i$ re- 
sponsible for the prevalence of pentagons in nature It is 
probably behind the five-fold syrmnetrv of plants and the 
five fingers and toes of animals Frequent j>entagonal faccj 
ire readily veii viithi*' a three-dimensional froth of bubbley 
on a glass of beer and thev occur also in such disparate 
ixyiin as human fat fflh or metal grains Figs 8 and 9, 
Pentagons are frequent but not universal, lor the ideal nuni- 
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iilir 'inn » iiir<»M»r« > 
HI', i fl*- UI ".«< r 



I In ! 
I. Ur\ iri 



iH-f, Us 
I in< >t« M 



o< <»n'i II ,n\ »h .VMHij <Jf n.ln'n 
I \r>? m»>n\ i»1 it.<- At« li<'«'ii«t« \l>,»r 



hri 1* an irrjdoiMl <»nr and prniA^onalK-Utrd [y>l\hr<iij 
^lonr (a:]n<»I till (pjcr 

h vKoul ' nolftl x\\M \i\c rxirrt lj>r <►< Jlir ( rvvUN 
lit FiK rcNt^t'- ijolhiDi; of ihrji imin c>nl« r J<n thr \h.ipr 
dfiM-inK on thr proprriN nt ihr divoidrird iymi'd i\, noi 
tUc oidrird rn^lah ilut jrr vrp^Mlrd \ mt)ir (ib\i()ii»!\ 
< r\\tj]lii)r jjronirinr AJnu mrr <K{ur\ v*hrn a vrc oixi crv^tal- 
liiir pli4vr (»:ip.nuirv in durrt ronurt \Mth a pir-rxi^tinR 
»nr. foi )i auloin^iK ztK fonn^ in v>hatrNci drhnitr onntt.!' 
(K»n j;i\r% ihr lo^vrvl rnrr^N of ihr nnrrf \ r Not infrrqurniK 
t\>o(hnrirnt i>imU of j iwial riov* in vMiihunu irlaitonvhip 
\Mtii rjnU (itltn forming duplex onrniM unit< \%huh 
\frvf a.v the !)JM\ for an ir(r(;itlar t(>jin-tilkr jKi^rr^air qiiUr 
\innUi to that f(»rmrd b\ (rwtaU of a vinj;Ip %ub»ijn( r 
K\ainplr% of iurh orirntrd dtiplrx %trurttim arr <hov*n it) 
Firs iOto 12 
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Structure Substructure. Superstructure 



of I hintli < i>ni;M>in>i( < fopp l ind .'iM^iir^ium ( i», Ms; I hr 
< f Ilk fiUnrrdni fiom thr to thr (>Hl<km i4 thr (ii^.irr M.tt;iii 
iK.tlion \ ^»»» , Frs'tUt ( fUTtf.y Daa^f Ur-rr \Ms/ Trit^a./k 



Branched Struciures 

I Ik MMp troth t\ Iht .ir(}trlv[>r for rrllit'.ir «v\Irins 
\\hiih for An\ rrawn arr ron^lrainrti (ouard a ntintmum 
arra i»f iiMf ifAfr -\ cjmlr diffrrcnl Ivpr of \lrurmrr ihnittih 
a (niTimnn onr. ihr onr lhal rr«iihs '^rom (hr t^roMlh of 
tsolaird >n(itvid»al« in ihr hramhrd form hrst illu^iraird bv 
A (ommon Irrr 1 h>^ ocru'^ whrnrvrr a proi'jbrrancr has 
an advanla(;i- o\rr adiairni arca.^ in i^rllms; nii>rr niailrr 
hral Imhi. t>r oih^r rr<|i»s>lf for i^rowlh Snrh sirttnurr^ 
<KCurin rlrciTtc d>s<-harj;f. >n rorrmton F*k 13 . and even 
in I rv\ial jjrowlh Ft? 14 al(honL:h m ihr \am rav thr 
Im^k mrrhanjsm jjjvrn an ovrrall *\mmrlr\ All ihrv 
branrnin;; Mruriurr^ st An from a {x»in( a nil Ltrow unralU 
l)Ul ihfv fvrnuialU si(»p as ihr hranrhfMnlf rfr rc wiiholhrrs 
alrradv prcvnJ I r.lil ihr slriiriurr rnrounlrr^ utmr rx« 
Iranrous ^b^la^lr Fl? i "> . ihr shapes arc qinlr (iiffrrrnl 
trom ihf inif rf?(f-df If rminrd shipc^ thvimcd above 

Thr Mriiriiirr n lhal of an ndtvtdual noi (A an ajjsjrr^alf 
Ihrrr arc oihr r sirur lnir< >n whirh a hram hrd irrf«hkf 
slnu »urc anvr^ fri>m an in\frvr mri hants n 1 hr ch-sI knt»v^ n 
rxamplf i\ ihr Minc^sivr |ointnt! ol man\ sniaU Mrrann ii> 
r'omi a Mii^lf Iar?f r:\rr tn briiilr solids ihr mrrjiint; ii»« 
jjflhrr of manv smal ' ra < ks lo for^n a sinj^lr sn-larr ^i\rs 
ri ST :o a similar form tiij 16 



The Role f>f Hisror} tn Siruduie 

in ihf i\p)ral prr<fss amcnahlr lo sindv b\ ph\-Mrs ihc 
small lutmbri o! units mvoUn} and tUr smiphiuv ol ihrir 
inirrarlions tjtvrs a drftntlrnr^s aod rrprMliinbtlMv thai is 
'•ilhf r tnvartaiil or is <|i'|>rndfnt in a simple v\a\ upon limt 
In oihf r vif nrp^ surh as bioloi^x or mr lalhir^v ihr ^inirlurr 
of complex maiirr musi hr drah wilh. involving m\nads of 
units and intrrarlint; tntrrartions with aswK'iations of prr- 
frrtiim and im|>rrffrt«>n v\I.irh < an Iw rnmbinrd tn an 
alriiAt infinilr varirl\ of »*a\s 1 }ir ^iniriiirrs mIik h mrnt 
parliriilar s|iid\ brraiiv ihrv hap|>rn to rxisi drprtxi almoM 
romplf If h on the ir his;orv ipiHr as mii( l> as tlors i)i<>ii(;h 
wilhmori divrrsitv. (hr prrsrni human condition Although 
other strut lures mii^ht ha\r Iwen formed uith erpial a prii>ri 
pmhabilit\ trom ihe same untLs and unit procevv* 'he 
\*hole unique vquenre of alomir>va)e events that ariiialK 
did ofnir. earh adding a little ia a pre'existinc smirtiirr 
v^as nrcevarv to j^ive nse to ih' parttrttlar arrav of mole- 
rules, rrvsials or rells m the fnial striiiture • Mthoo^h ihe 
ideal rrvsial Unif^e of a suhslancr at eipiihbriiim <Jepeiids 



imK on in composition anil t npr ra» re a:! iitl.» r asj«-< t\ 
of the sinirtureof a Jiiveii bi? oi |)o1v( rvstalline nialtri <<i - 
prnds upon historv le the details ol the nu<Iealii<(i of 
individual rrvstals. usitaliv at \itrs vkh're im[M*rlei ttoiis i»r 
hetero^jeneilirs pre-rxist in tli" matrix, ihe liMalK varvin? 
ratr^ ai Vkhirh ihe individual rrvstals (jrow into ih< ii ensiron- 
nient. inrorporalins; or rejerlin^ matter as a result i>l the 
mirn)-procews ot atom transfer. an<! the manmr :n v\liuh 
the rrvMaU impintje to produre the ;;ratn Ixtundarv as a 
nr^* element of sintrture whirh itsrll rhanif*** s! ajw t:i ai - 
rofdanre vnth its properties and the partiruiar Imat yeoin*-- 
tr> all result mt; from liisioriral arridents |':»r r:» r t oniplex 
but in pnnriple smiilar *hini^ ocriir in bioi<»<;tral and vk lal 
organizations 

In the space-filling as!^res;ate. the milividualv Itmii rarh 
other Thev mav hr jrraval raiidomlv or reL;i:ljriv Int. 
however undetrrmined the shafM- ol an tndtvidinl thr roi.- 
dittons of joinirji at the f>ointv where ihrrr »r more r;irei are 
iKnnea Strurture on one Ie\r| bvnsim(>erfi tions i^r v aria- 
tions, aluav^ jjives riv Jo a new kirdof stru< iiire on a larger 
scale Inverselv^ il mav even be that there is no d< e( labU 
stni( !iire without some un<lerlMi-s; \trii( ture on a smaller 
stale I lie validttv oJ aiomisni dej>ends on thr UkA u^rtl to 
find It \ local (onf:i;iiration will aKsav-^ have w)nir ron> 
net t:on to nei(;i)bonns; ones In ever«de« rrasin^ <ie^jree 
evrrv part ts dej>endent on the whole inti \w versa 

On Sections .uul Snrf.Kcs 

Thr stnirlures ttsuallv <»lKervrtl on metals and roik.s aie 
those of a plane sertion rut throiii;!i a thrt e-d»iiensional 
sini\tiirr shrin^ f*^r«»uj;!i ihe rrvsial planes jnd Niundacrs. 
at various ant;les. and thus intrrKlnrin^ distortion* of shape 
and hidini; eonnet ttons that mav exist ui the thud dinien> 
sion We liave l>r<ome verv adept al inierprelin? thint^s 
f-om two-dtmensional representali»»ii itirleed most of otir 
thr km? IS m snrh terms Ihe ivso>(limeiis:onaI suifa<e of a 
paintiiK; ran rrpreseni a straii'ht or distorted pro)ertion or a 
point-perspretivr view of either real o' tiua^inarv ihinirs 
in sculpture, the surfare i ati l>e the tiaiural surfare of an 
r>b|eri. but it is iisualls « ' 'f through a bodv of material 
whirh has a three. dimens*. lal sjrurture and it reveals .j 
surfare texture with its os\n arsdieur quahctes Sertions are 

•I iriilthrn) to |i>hn R Tiaii <»>f {>«*iiiiirc '•ui iha i>»>l<»^ i\ 
esvnii ilK all SisIi>m<-.iI m imi r I hr n\rA i» ••laf*i«r urtl h\ I ikImie^ 
vi.n IWrtrflaniK rf->Wm. .»/ / 1/< Nrw, k 
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subiK diffrrrni from thr \amr sirurturcs whrn formrd 
against a rral surfacr romp<»rf Fis; 4 of .hr rral Mirfjcr 
of a p<iKrrvMaIIinr mnal \*i!h Fi^ 3 of a vriion in (hr 
formrr ihr angles arr nrarU all a{ 120 . uhilr ihr iacccr ha% 
a plrasmg divrn«\ Sfciioning is simpler ihan other 
d:men\:onaI representation berauv there w no \upeq>osi5ion 
as in projection and no change of scale as in perspective it 
gives a «ngIe-e!eva(ion contour map. v^uh volumes reduce?! 
to areas, surfaces lo lines, and lines to points If the structure 
15 cellular and randomlv onented. representations of all 
possible viev^s v%il| be seen at vanous places m thr section 
Impending on the orientation certain features will be 
magnified in one direction 0>nvfxit\ or concavi-v o! a sur- 
face in rrlaiion to the vctionine plane prod,ices t losra w)Ia. 
tion or extended connectivnv of the hnear traces on it if the 
siruCMire IV not random, bui irrrgnlarlv lamellar as ihe grain 
of a tree the \ariarions in the third Himemion can be seen as a 
divmhution of texture in the tv%<».Himenvional vhce Some 
examples m v^hrch s.ich vmiciurev are exploit -d are v^mKl- 
veneer textiirrv marhled ceranitcv the Oar«avuv sv%ord 
Fic 17 and Japanese vv^ordv and J-:g 18 JhevrjII 
Ottr much of their charm to the suggesdon of combined d - 
sign and tex'ure that the\ di$pla\. wich effecLv no: unhke 
those of v^oven trxtilev hut more natural in ongm and v%:(h 
th rer»dimer.< onal ovr rtopes 



Conclusion 

Do not thrvr simple structures of crvvtaU and the simpler 
ones of bubbles gmphit allv illusirate som* imj>ori,nt feaiurrs 
ofthev^oridandourapprecianonofit aesthetic allv asv^dlas 
intellectuallv' It is thr ( hinesr pnncipal of an<l jin. 
balanced p<isitivc and negative <Jevia;ions from timformitv. 
%*hicb if occurring at manv places must fomi a foam sCrnc 
ture of cells no matter v^hat niaterial-space or idea-spa<e is 
involved I he freedom of a stniciu.al unit inflicLs and suffer? 
cons:raints vshene\er its closer interaction v.i(h some neigh* 
bors makes c*K)peration v^uh others Irss rasv Social order 
intensifirs the interfacial tension against a differentlv ordered 
group Kver%thine that vsr can see everything that v^i on 
undentand is relatetl tostructure and as thr ^V./^/zpsvchoI- 
< «\Ls have so beantjfullv shov^n perception itself is m jwt. 
terns not fragments \|| av^arenevsc- mental activit\ srrms 
to involvr Ihr conipanson ol a sensed or thought pattern v^ith 
a pre.rxisting one a pattern formed in the bra.n's phvsical 
structure bv biological inheritance and 'he imprint of 
experience C-onId it be thai aesthetu en;ovment is (he result 
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of the fcnnation of a knd of moir^ paitrrn brtwrrn a nrwl\ 
srnsrd rxprnrnrr and the old. brtv^rrn the diffrrrnt parts of 
a srnsrd patirrn iran^i>osrd jn sparr and in onrntation and 
with \ anations in srair and tinir b\ thr mar\rIou< prof* rtirs 
of thr brain' Thr partsof a vnscd wholr form man\ pattrms 
sugj^r^ting rarh othrr in \arMng scale and asprct, with 
pattrrmof jmprifrrtion and disordrrofonr kind formmif thr 
pantalK ordcrrd framrwork of anothrr with an almost 
mas;iral durrsitN drprnding on thr drgrrr to which local 
drvianouNfroin the idral pattrrn arr a\rra{;rd out Somrhow 
th< brain f>rrcri\r^ thr rrlationship and actj\rl> cnjo\s the 
nch mtrrplav possiblr m pattrms composed of thr simplest 
parts, an mtrrplav hrtwrrn local and long-range. brtw'"n 
bramhmg rxtrnsion and consolidat:on, brtwrrn substance 
iin<* surface, l>rt\\rrn ordrr and disordrr 

rhr \rr\ naturr of lifr .s pattrrn-matchmg, whrthrr in 
thr simple acceptance or rejection of "food" units to fit the 
RN \ nioletules within a or the joining together of 
('informing and differentiated cells m the o\rrall pattein of 
thr organism which ihc parU thcmseUcs both dictate and 
conform to Thegrowthoforon *d but hfele^is matter t\picall\ 
occurs l>\ the addition of atoms or molecules to the \erv 
surface of .1 crvstal A not dissimilar process of structural 
matching m\ol\ed in the duplication of protein withm a 
luiTig cell, but a compirtc organum grows b\ internal muhi- 
plirattOii. .ind the consequent b.irgrf>r..ng of outward move- 
ment produces the difTrrmg en\iroiiments for cells which is 
an essential characteustic of a lu mg organism 

I here is a kincJ of indetermit.itv quite different m es- 
sence frr m thr famous principle of Mn.enbcrg but just as 
rtfrcti\r in limiuiii: our knowledge of nature . which hcs in 
the fact that w can neither constiousK sense nor think of 
\ rr\ niuf h at ,\u\ one inonir .t I nderstanding can onl\ rome 
iunu A roMiig \ lew point .md sequential changes m the scale 
oi .itirntiou Hie current precision in science will limit its 
.id\ani« unless a way can hr found for relating different 
f)ui iiitrrwo\eii scales .ind dinirtisions 

Ihe elimination of the ext aneous, m both experiment 
and theor\ h.ts hern the \eriMhle hasis of all scientific 
^d\aii«e snue the se\eiiteenih rrntur\. and h.ts led us \o a 
point where practualK e\er\ thing al)()\e tiK atom is uuder- 
stcHxl ' m ;>nn<iple S(H)ncr or later, howr\er science 111 its 
a(l\ance will ha\r rxhaustrd the suppl\ of problrms that 
in\ol\r oiiU those asprrlj^ of naturr that can be freshly 
studied ir simple isolation The great need now is for concern 
with s\stenis of greater eo«:plexit\, for methods of dealing 
with complicated nature as it exists I he artist has long been 



making meaningful and communicable statements, if no! 
alwa\s prt CISC ones, about complex things If new methods, 
which will surel\ owe something to aestheti».s, should enable 
the scientist to mo\e into more complex fields, his area of 
interest will approach that of the humanist, and science ma\ 
c\en once more blend smoothlv into the whole range of 
human act}\it\ 



Fif^ 17 Detail of a Damascus sv^ord blade from the Wallace Col- 
leciion. London Thr surface of the blade hau be* n formed b\ 
cutting through the irregular laminar structure vkhich onginated 
m ihr rrvstallization of the hujh r irl>on steel .md hid maintained 
Us identn\ durm? forums; \I n;)n! . .uinn \ 2 (Photo CourteiV The 
Hallofe Colltctton, Lftndon) 

Fi? 18 .\ [apanesc . ,kum^ svkord(;uarid from the collerticn of 
('» F Hearii I he texture arises fr^m the inleiitional mtorporjinon 
of inntinirrahle }.uers of sht;htl\ dilfrrenl steels imo a single mass 
h\ repr.iird weldui? and fort;in^ and then theiTuralK etching 
thr siirJue v>ljirh vwas rut through ihe for^^'d lameihe Pht 
nu>on IS inhid in sil\er Natural sizr 
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The "Thomson" Atom 
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Following the discovery of the electron it was clear that a complete 
revision of atomic theory was required. The atom could no longer be re- 
garded as the ultimate unit of matter because Thomson's experiments had 
shown that, regardless of the gases used to produce the cathode ray dis- 
charge, the same subatomic particle, the electron, always appeared. Since 
this particle carries a negative electric charge and the atom as a whole is 
uncharged, questions immediately arose as to the number of electrons per 
atom, the nature of the positive charge, and the spatial relation of the 
latter to the electron or electrons present. 

The very small electronic mass determined by Thomson^s experiments, 
approximately 1/1,000 the mass of the hydrogen atom, at first suggested 
that the hydrogen atom might contain some 1,000 electrons. This con- 
temporary thinking was cleaily set forth in the closing pages of Ruther- 
ford's book. Radioactive Transformations, published in 1906. Rutherford 
points out that atom models had already been suggested, the first by 
Lord Kelvin. 

Kelvin proposed, in 1902, an atom model consisting of a sphere of 
uniformly distributed positive electricity in which discrete electrons were 
embedded so that equilibrium was obtained when these charges were at 
rest. A year later J. J. Thomson published calculations on the stability of 
a model in which electrons, arranged uniformly around a circle within the 
positive sphere, rotated at high speed. A further paper b} Thomson ap- 
peared early in 1904, which reexamined Kelvin's static atom model at 
considerable length. Much of this paper, with additions, appeared in 
Thomson's book. The Corpuscular Theory of Matter, published in 1907; 
our excerpt is from this book. Here static electrons are placed one by one 
in a positive sphere and the stability is examined. Somehow Kelvin's pro- 



prietary claim to this atomic scheme was lost, so that in later years the 
arrangement became known as "the Thomson atom." 

But while Thomson was examining, and elaborating the original 
Kelvin scheme, Kelvin himself went on to other and more complicated 
models. Finally, in December 1905, he proposed a Boscovichian atom 
that had alternating shells of "vitreous and resinous" electricity with *'the 
total vitreous greater than the resinous." The electrons were embedded 
in the vitreous (positive) shells, and could therefore, if unstable, be 
ejected with varying speeds as demanded of electrons issuing from radio- 
active atoms. Still another model, proposed in 1904, was that of Nagaoka, 
who, harking back to Maxwell's paper on Saturn's rings, suggested luat 
the atom might consist of a number of electrons revolving with nearly the 
same velocity in a ring about a positively charged center. Rutherford noted 
this suggestion in his famous paper of 1911, in which he proposed the 
nuclear atom. All of these atom models had varying degrees of plausibil- 
ity; they would account qualitatively for various atomic properties but not 
for all. Thomson, however, was perhaps most persistent in his search for 
a model that would give bo^h qualitative and some quantitative agreement 
with experiment. 

Suppose one begins with the question: How many electrons are there 
per atom? Thomson obtained an answer to this question from several 
sources. The first came from experiments on the scattering of electrons 
made to pass through thin sheets of metal. (Lenard, for instance, had 
shown some years previously that cathode rays can pass through thin 
metal windows and ionize the air outside the tube in which they were 
generated.) By comparing a computed value of electron scattering with 
that observed experimentally, Thomson found that the number of elec- 
trons per atom needed to produce the observed scattering should be 
approximately the same as the atomic weight of the scattering material as- 
suming unit atomic weight for hydrogen. (Except for hydrogen, this result 
was approximately two times too large.) The second source of informa- 
tion was the dispersion of light by hydrogen. Here a calculation showed 
that the number of dispersion electrons per atom of hydrogen must be 
closely equal to unity. The third source was X-ray scattering experiments. 
When a beam of X-rays passes through matter, the atoms both absorb 
and scatter the rays; hence, the amount transmitted decreases as the thick- 
ness of the material increases. From early X-ray scattering measurements 
the number of electrons per atom was found to be of the order of the 
atomic weight. Later, more accurate measurements by Barkla showed 
that for the light atoms, except hydrogen, it was more nearly half the 
atomic weight. As a consequence of all this evidence, it was apparent that 
hydrogen, the least massive of all the atoms, consisted probably of one 
electron, and an equal amount of positive charge. Heavier atoms were 



presumably obtained b> adding one electron for every unit of positive 
charge. 

Results from kinetic theory had shown that the diameter of an atorr was 
of the order of 10^^ cm From the scattering experiments it was known 
that an electron was not much deflected by passing through thin foils 
many atoms thick, so the conclusion was reached that the ''densit/' of 
positive charge must be low. Accordingly, Thomson, in making a model 
for hydrogen, the simplest atom, had some basis other than Kelvin^s pro- 
posal for assuming that positive charge, equal to that of the electron, oc- 
cupied the whole atomic volume with uniform density. 

Having made these tentative choices, the question of stability demanded 
examination. Where was the electron in such an atom*^ Elementary elec- 
trical theory shows that if the electron is assumed to be at the center of 
the positive sphere, any displacement of it will result in vibrations about 
the center. These would continue indefinitely if the electron did not lose 
energy; but since a vibratory motion about the center is an accelerated 
motion, and classical electromagnetic theory required that accelerated 
electrons must radiate energy, the electron would naturally be brought to 
rest. Hence, the undisturbed atom would be a static atom, and if disturbed, 
would produce dynamically stable vibrations, dying away with time. If 
the disturbances were sufficiently violent, the electron would be ejected, 
resulting in a hydrogen ion. All this seemed in accord with experience. 
But a little further investigation showed that despite its good beginning, 
the model had at least one serious defect. The radiation emitted by the 
vibrating electron should, according to theory, consist of light of a single 
wavelength appropriate to the far-ultraviclet region of the spectrum. Ex- 
perimentally, one observed quite unaccountably a spectrum in the visible 
region consisting of several discrete wavelengths. Othei series of lines also 
existed in the infrared and ultraviolet. 

Despite this defect, Thomson went ahead to examine the stability 
the multielection atom. From stability considerations he shows in his 
paper that, proceeding to the atom containing two electrons, stability is 
obtained by keeping the size of the sphere of positive electricity constant. 
As regards the two electrons placed inside the sphere, equilibrium is ob- 
tained when they are on a line ♦'•rough the center of the sphere and equi- 
distant from it, the distance being half the radius of the sphere. As the 
number of electrons increases to four, the electrons can no longer be in 
static equilibrium in a planar arrangement; instead they are located at the 
corners of a regular tetrahedron. Stable arrangements with greater num- 
bers of electrons up to 100 are then discussed. Thomson was also able to 
show that the electron arrangements in his scheme of "atom-building*' sug- 
gested an explanation of the periodic properties of the chemical elements. 
This section of his paper is not reproduced here. 



The stability of experimental configurations, using magnetized needles 
thrust through corks and floated on water, iron spheres floating on mer- 
cury, and elongated conductors floating vertically in water, is then briefly 
noted as a result of the work of other investigators. These experiments 
support the idea that a number of corpuscles, if confined to a plane,^ will 
arrange themselves in a series of rings as Thomson's calculations indicated. 

One of the main props for the Thomson atom was its support of a-par- 
ticle-scattering experiments. It is ironic that this aspect of his model on 
closer investigation led to its downfall ! 



THOMSON 

The Arrangement of Corpuscles in the Atom ^ 



We have seen that corpuscles are always of 
the same kind whatever may be the nature of the substance from which 
they originate; this, in conjunction with the fact that their mass is much 
smaller than that of any known atom, suggests that they are a constituent 
of all atoms; that, in short, corpuscles are an essential part of the struc- 
ture of the atoms of the difTerent elements. This consideration makes it 
important to consider the ways in which groups of corpuscles can arrange 
themselves so as to be in equilibrium. Since the corpuscles are all nega- 
tively electrified, they repel each other, and thus, unless there is some 
force tending to hold them together, no group in which the distances be- 
tween the corpuscles is finite can be in equilibrium. As the atoms of the 
elements in their normal states are electrically neutral, the negative elec- 
tricity on the corpuscles they contain must be balanced by an equivalent 
amount of positive electricity; the atoms must, along with the corpuscles, 
contain positive electricity. The form in which this positive electricity oc- 
curs in the atom is at present a matter about which we have very little 
information. No positively electrified body has yet been found having a 
mass less than that of an atom of hydrogen. All the positively electrified 
systems in gases at low pressures seem to be atoms which, neutral in their 
normal state, have become positively charged by losing a corpuscle. In 

* From J. J. Thomson, The Corpttsntlar Theory of Matter (New York: Charles 
Scribner's Sons, 1907), pp. 103-167. 



default of exact knowledge of the nature of the way in which positive 
electricity occurs in the atom, we shall consider a case in which the posi- 
tive electricity is distributed in the way most amenable to mathematical 
calculation, /.e.. when it occurs as a spheie of uniform density, throughout 
which the corpuscles are distributed. The positive electricity attracts the 
corpuscles to the centre of the sphere, while their mutual repulsion drives 
them away from it; when in equilibrium they will be distributed in such a 
way that the attraction of the positive electrification is balanced by the 
repulsion of the other corpuscles. 

Let us now consider the problem as to how 1 ... 2 ... 3 .. . n corpuscles 
would arrange them.selves if placed in a sphere filled with positive elec- 
tricity of uniform density, the total negative charge on the corpuscles being 
equivalent to the po.sitive charge in the sphere. 

When there is only one corpuscle the solution is very simple: the cor- 
puscle will evidently go to the centre of the sphere. The potential energy 
possessed by the different arrangements is a quantity of considerable im- 
portance in the theory of the subject. We shall call Q the amount of work 
required to remove each portion of electricity to an infinite distance from 
its nearest neighbour; thus in the case of the single corpuscle we should 
have to do work to drag the corpuscle out of the sphere and then carry it 
av/ay to an infinite distance from it; when we have done this we should 
be left with the .sphere of positive electricity, the various parts of which 
would repel each other; if we let the.se parts recede from each other until 
they were infinitely remote we should gam work. The difference between 
the work .spent in removing the negative from the positive and that gained 
by allowing the positive to .scatter is Q the amount of woik required to 
separate completely the electrical charges. When there is only one cor- 
puscle we can easily .show that 



where e is the charge on a corpuscle measured in electrostatic units and a 
is the radius of the sphere. 

When there are two corpuscles inside a sphere of positive electricity 
they will, when in equilibrium, be situated at two points A and B. in a 
straight line with O the center of the sphere and such that 

OA = 0/^=2' 

where a is the radius of the sphere. We can easily show that in this position 
the repulsion between A and B is just balanced by the attraction of the 
positive electricity and also that the equilibrium is stable. We may point 
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out that A B the distance between the corpuscles is equal to the radius of 
the sphere of positive electrification. In this cas2 we can :h'uw that 



21 
10 a 



Thus if the radius of the sphere of positive electrification remained con- 
stant, Q for a system containing two corpuscles in a single sphere would 
be greater than Q for the arrangement in which each corpuscle is placed in 
a sphere of positive electrification of its own, for in the latter case we 
have seen that 
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and this is less than 

21 £^ 
10 a ' 



Thus the arrangement with the two corpuscles inside one sphere is more 
than that where there are two spheres with a single corpuscle inside each: 
thus if we had a number of single corpuscles each inside its own sphere, 
they would not be so stable as if they were to coagulate and form systems 
each containing more than one corpuscle. There would therefore be a 
tendency for a large number of systems containing single corpuscles to form 
more complex systems. This result depends upon the assumption that the 
size of the sphere of positive electrification for the system containing two 
corpuscles is the same as that of the sphere containing only one corpuscle. 
If we had assumed that when two systems unite the volume of the sphere 
of positive electricity for the combined system is the sum of the volumes of 
the individual systems, then a for the combined system would be ly^ or 
1-25 times a for the single system. Taking this into account, we find that 
Q for the combined system is less than the sum of the values of Q for the 
individual system; in this case the system containing two corpuscles would 
nnt be so stable as two systems each containing one corpuscle, so thai the 
.ndency now would be towards dissociation rather than association. 

Three corpuscles inside a single sphere will be in stable equilibrium 
when at the corners of an equilateral triangle whose centre is at the centre 
of the sphere and whose side is eq'jr.l in length to the radius of that sphere; 
thus for three as for two corpuscles the equilibrium position is deter- 
mined by the condition that the distance between two corpuscles is equal 
to the radius of the sphere of positive electrification. 
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For the case of three corpuscles Jq ^» and thus again we see that 

if the radius of the sphere of positive electricity is invariable, the arrange- 
ment with three corpuscles inside one sphere is more stable than three sin- 
gle corpuscles each inside its own sphere, or than one corpuscle inside one 
sphere and two corpuscles inside another sphere; thus again the tendency 
would be towards aggregation. If, however, the positive electricity instead 
of being invariable in size were invariable in density, we see that the 
tendency wou! ' be for the complex system to dissociate into the simpler 
ones. 

Four corpuscles if at rest cannot be in equilibrium when in one plane, 
although the co-planar ariangement is possible and stable when the four 
are in rapid rotation. When there is no rotation the corpuscles, when in 
stable equilibrium, are arranged at the corners of a regular tetrahedron 
whose centre is at the centre of the sphere of positive electrification and 
whose side is equal to the radius of that sphere; thus we again have the 
result that the distance between the corpuscles is equal to the radius of 
the positive sphere. 

For four corpuscles 



We see that the values of Q per corpuscle are for the arrangements of 
1, 2, 3, 4 corpuscles in the proportion of 6 : 7 : 8 : 9 if the radius of the 
positive sphere is invariable. 

Six corpuscles will be in stable equilibrium at the corners of a regular 
octahedron, but it can be shown that the equilibrium of eight corpuscles at 
the corners of a cube is unstable. The general problem of finding how n 
corpuscles will distribute themselves inside the sphere is very complicated, 
and I have not succeeded in solving it; we can, however, solve the special 
case where the corpuscles are confined to a plane passing through the 
centre of the sphere, and from the results obtained from this solution we 
may infer some of the properties of the more general distribution. The 
analytical solution of the problem when the motion of the corpuscles is 
confined to one plane is given in a paper by the author in the Philosophical 
Magazine for March, 1904; we shall refer to that paper for the analysis 
and quote here only the results. 

If we have n corpuscles arranged at the corners of a regular polygon 
with n sides with its centre at the centre of the sphere of positive electrifi- 
cation, each corpuscle being thus at the same distance r from the centre of 
this sphere, we can find i> value of r, so that the repulsion exerted by the 
(n — \ ) corpuscles on the remaining corpuscle is equal to the attraction 
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of the positive electricity on that corpuscle; the ring of corpuscles would 
then be in equilibrium. But it is shown in the paper referred to that if n 
is greater than 5 the equilibrium is unstable and so cannot exist; thus 5 
is the greatest number of corpuscles which can be in equilibrium as a 
single ring It is shown, however, that we can have a ring containing more 
than five corpuscles in equilibrium if there are other corpuscles inside the 
ring. Thus, though a ring of six corpuscles at the corners of a regular 
hexagon is unstable by itself, it becomes stable when there is another 
corpuscle placed at the centre of the hexagon and rings of seven and eight 
corpuscles are also made stable by placing one corpuscle inside them. To 
make a ring of nine corpuscles stable, however, we must have two 
corpuscles inside it, and the number of corpuscles required inside a ring 
to keep it stable increases very rapidly with the number of corpuscles in 
the ring. Thh is shown by [Table 37-1], where n represents the number of 
corpuscles in the ring and / the number of corpuscles which must be 
placed inside the ring to keep it in stable equilibrium. 

TABLE 3 7-1 

" 5. 6. 7. 8. 9. 10. 12. 13. 15. 2 30. 40. 
' I- I. 1. 2 3. 8. !0. 15. 39. lOt. 232 

When n is large / is pioportional to n^. We thus see tliat in the case 
when the corpuscles are confined to one plane they will arrange them- 
selves in a series of concentric rings. 

[Thomson then gives the details of the calculation by which the equilib- 
rium of a number of corpuscles in a planar arrangement may be calcu- 
lated — Editors.] 

[Table 37-2] giving the various rings for corpuscles ranging in '^umber 
from 1 to 100 has been calculated in this way; the first row contains the 
numbers for which there is only one ring, the second those with two rings, 
the third those with three, and so on. 

We can investigate the equilibrium of corpuscles in one plane by 
experiment as well as by analysis, using a method introduced for a dif- 
ferent purpose by an American physicist. Professor Mayer. The problem 
of the arrangement of the corpuscles is to find how a number of bodies 
which repel each other with forces inversely proportional to the square of 
the distance between them will arrange themselves when under the action 
of an attractive force tending to drag them to a fixed point. For the experi- 
mental method the corpuscles are replaced by magnetised needles pushed 
through cork discs and floating on water. Care should be taken that the 
needles are equally magnetised. These needles, having their pol.s all point- 
ing in the same way, repel each other like the corpuscles. The attractive 
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NUMBERS OF CORPUSCLES IN ORDtR 
12 3 4 5 

5 6 7 8 8 8 9 10 10 10 1 1 
11112 3 3 3 4 5 5 

11 1 1 11 12 12 12 13 13 13 13 13 14 14 15 15 
5 () 7 7 8 8 8 9 10 10 10 10 10 1 1 
111112 3 3 3 3 4 4 5 5 5 

1515 15 16 16161616161617171717171717 
11 II 11 11 12 12 12 13 13 13 13 13 13 14 14 15 15 

5 6 7 7 7 8 8 8 8 9 9 10 10 10 10 10 11 

111 1 112 2 3 3 3 3 4 4 5 5 5 

17 18 18 18 18 18 19 19 19 19 20 20 20 20 20 20 20 20 20 21 21 
15 15 15 15 16 16 16 16 16 16 16 16 16 17 17 17 17 17 17 17 17 
11 11 11 11 11 12 12 12 12 13 13 13 13 13 13 13 14 14 15 15 15 
5 5 6 7777888889 9 10 10 10 10 10 10 11 
11111111 2 2 2 3 3 3 3 4 4 5 5 5 5 
21 21 21 21 21 21 21 21 2222 22 22 22 22 22 22 2323 23 23 23 2323 24 
17 18 18 18 18 18 19 19 19 19 19 20 20 20 20 20 20 20 20 20 20 21 21 21 
I515I5 151616I61616I61616161617171717 17 17 17 17I717 
111111 11 11 12 12 12 12 12 13 13 13 13 13 13 13 13 14 14 15 15 15 15 
5 5 677778888889 9 10 10 10 10 10 10 10 1111 
1 1 1 1 1 1111 2 2 2 3 3 3 3 3 4 4 5 5 5 5 5 
24 24 24 24 24 2^ 24 
21 21 21 21 2i 21 21 
17 18 18 18 18 18 19 
15 15 15 15 16 16 16 
11 111111 11 12 12 
5 5 6 7 7 7 7 
1111111 

force is produced by a large magnet placed above the surface of the 
water, the lower pole of this magnet being of the opposite sign to that 
of the upper poles of the floating magnets. The component along the sur- 
face of the water of the force due to this magnet is directed to the point 
on the surface vertically below the pole of the magnet, and is approxi- 
mately proportional to the distance from this point. The forces acting on 
the magnets are thus analogous to those acting on the corpuscles. 

If we throw needle after needle into the water we shall find that they 
will arrange themselves in definite patterns, three needles at the corners 



of a triangle, four at the corners of a square, five at ihe corners of a 
pentagon; when, however, we throw in a sixth needle this sequence is 
broken; the six needles do not arrange themscivc-j at the corners of a hexa- 
gon but five go to the corners of a pentagon and one goes to the middle. 
When we throw in a seventh needle we get a ring of six with one at the 
centre; thus a ring of six,^ though unstable when hollow, becomes stable 
as soon as one is put in the inside This is an example of a fundamental 
principle in jhe stable configurations of corpuscles; the structure must be 
substantial; we cannot have a great display of corpuscles on the outside 
and nothing in the inside. If, however, we have a good foundation of cor- 
puscles—if, for example, we tie a considerable number of needles together 
for the inside— we can have a ring containing a large number of corpuscles 
in stable equilibrium around it, although five is the greatest number of 
corpuscles that can be in equilibrium in a hollow ring. By ihe aid of these 
floating ma>»ncls we can illustrate the configurations for considerable num- 
bers of corpuscles, and verify (Table 37-2]. 

Another method, due to Professor R. W Wood, is to replace the 
magnets floating on water by iron spheres floating on mercury; these 
spheres get magnetised by induction by the large magnet placed above 
them and repel each other— though in this case the repulsive force does 
not vary inversely as the square of the distance— while they are attracted 
by the external magnet; the iron spheres arrange 'hemselves in patterns 
analogous to those formed by the magnets. Dr. Monckman used, instead 
of magnets, elongated conductors floating vertically in water; these were 
electrified by induction by a charged body held above the surface of the 
water; the conductors, being similarly electrified, repelled each other and 
were attracted towards the electrified body; under these forces they 
formed patterns similar to those formed by the floating magnets. 

We sec from this experimental illustration, as well as by the analyti- 
cal investigation, that a number of corpuscles will, if confined to one 
plane, arrange themselves in a series of rings, the number of corpuscles 
in the ring increasing as the radius of the ring increases. 

If we refer to the arrangements of the different numbers of corpuscles 
(see Table 37-2], we see that the numbers which come in the same 
vertical columns are arranged in patterns which have much in common, for 
each arrangement is obtained by adding another storey to the one above it. 
Thus, to take the first column, we have *he pattern 5, 1, the one below it is 
11,5, I; the one below this 15, 11,5, l;theone below this 17, 15, 11,5, 
l;ihen 21, 17, 15, 11, 5, l;and then 24, 21, 17, 15, II, 5, 1. We should 
expect the properties of ihe atoms formed of such arrangements of cor- 
puscles to have many points of 'esemblance. Take, for example, the vibra- 
tions of the corpuscles; these may be divided into two sets. The first set 
consists of those arising from the rotation of the corpuscles around their 



orbits. If all the corpuscles in an atom have the same angular velocity, the 
frequency of the vibrations produced by the rotation of the ring of cor- 
puscles is proportional to the number of corpuscles in the ring; and thus 
in the spectrum of each of the elements corresponding to the arrangements 
of corpuscles found in a vertical column in [Table 37-2], there would be a 
series of lines whose frequencies would be in a constant ratio tO each 
other, this ratio being the ratio of the numbers of corpuscles in the various 
rings. 




Fig. 37-1. 

The second set of vibrations are tho^e corresponding to the displace- 
ment of a ring from its circular shape. If the distance of a corpuscle from 
the nearest member in its own ring is squall compared with its distance 
from its nearest neighbour on another rirg, the effect of the outer ring 
will only "disturb" the vib -*ions of the ring without altering their funda- 
mental character. Thus we should expect the various elements in a vertical 
column to give corresponJing groups of associated lines. We might, in 
short, expect the various elements corresponding to the arrangements of 
the corpuscles contained in the same vertical column, to have many prop- 
erties, chemical as well as physical, in jommon. If we suppose that the 
atomic weight of an element is proportional to the number of corpuscles 
contained in its atom, — and we shall give later on evidence in favour of 
this view, — we may regard the similarity in properties of these arrange- 
ments of corpuscles in the same vertical column as similar to a very 
striking property of the chemical elements, /.e., the property expressed by 



the periodic law. We know that if we arrange the elements in the order of 
their atomic weights, then as we proceed to consider the elements in this 
order, we come across an element— say lithium— with a certain property; 
we go on, and after passing many elements which do not resemble lithium,' 
we come to another, sodium, having many properties in common with 
lithium; then, as v.e go on we lose these properties for a time, coming 
across them again when we arrive at potassium, and so on. We find here 
just the same recurrence of properties at considerable intervals that wc 
should get if the atoms contained numbers of corpuscles proportional to 
their atomic weight. Consider a series of atoms, such tl,u ' atom of the 
pth member is formed from that of the (p - l)th by ti. ddition of a 
single ring, i.e., is a compound, so to speak, of the (p - l)th atom with 
a fresh ring. Such a series would belong to elements which are in the 
same group according to the periodic law, i.e., these elements form a series 
which, if arranged according to Mendeleef's table would all be in the same 
vertical column [The remainder of the paper discusses the stability and 
electrochemical properties of atoms starting with 20 corpuscles in the 
outer ring and 59 or more in the inner ring— Editors.] 



Einstein 



I CAME TO PRINCETON on a Saturday, lived through a dead 
Sunday and entered the office of Fine Hall on iMonday, to make 
my first acquaintances. I asked the secretary when I could see 
Einstein. She telephoned him, and the answer was: 



''Professor Einstein wants to see you right away." 

I knocked at the door of 209 and heard a loud ''hereinP When 
I opened the door I saw a hand stretched out energetically. It 
was Einstein, looking older than when I had met him in Berlin, 
older than the elapsed sixteen years should have made him. His 
long hair was gray, his face tired and yellow, but he had the 
same radiant deep eyes. He wore the brown leather jacket in 
which he has appeared in so many pictures. (Someone had given 
it to him to wear when sailing, and he had liked it so well that 
he dressed in it every dry.) His shirt was without a collar, his 
brown trousers creased, cind he wore shoes without socks. I 
expected a brief private conversation, questions about my cross- 
ing, Europe, Born, etc. Nothing of the kind; 

**Do you speak German?" 

*Tes," I answered. 

"Perhaps I can tell you on what I am working." 

Quietly he took a piece of chalk, went to the blackboard and 
started to deliver a perfect lecture. The calmness with which 
Emstein spoke was striking. There was nothing of the restless- 
ness of a scientist who, explaining the problems with which he 
has lived for years, assumes that* they are equally familiar to the 
listener and proceeds quickly with his exposition. Before going 
into details Einstein sketched the philosophical background 
for the problems on which he was working. Walking slowly and 
with dignity around the room, going 10 the blackboard from 
time to time to write down mathematical equations, keeping a 
dead pipe in his mouth, he formed his sentences perfectly. 
Everything that he said could have been printed as he said it and 
every sentence would make perfect sense. The exposition was 
simple, profound and clear. 

I listened carefully and understood everything. The ideas be- 
hind Einstein's papers are aways so straightforward and funda- 
mental that I believe I shall be able to express some of them in 
simple language. 

There are two fundamental concepts in the development of 
physics: field and 7mtter., The old physics which developed 
from Galileo and Newton, up to the middle of the nineteenth 



century, is a physics of matter. The old mechanical point of 
view is based upon the belief that we can explain all phenomena 
in nature by assuming particles and simple forces acting among 
them. In mechanics, while investigating the motion of the plan- 
ets around the sun, we have the most triumphant model of the 
old view. Sun and planets are treated as particles, with the forces 
among them depending only upon their relative distances. The 
forces decrease if the distances increase. This is a typical model 
which the mechanist would like to apply, with some unessential 
changes, to the description of all physical phenomena. 

A container with gas is, for the physicist, a conglomeration of 
small particles in haphazard motion. Here— from the planetary 
system to a gas-we pass in one great step from "macrophysics" 
to "microphysics," from phenomena accessible to our immediate 
observation to phenomena described by pictures of particles 
with masses so small that they lie beyond any possibility of di- 
rect measurement. It is our "spiritual" picture of gas, to which 
there is no immediate access for our senses, a microphysical pic- 
ture which we are forced to form in order to understand ex- 
perience. 

Again this picture is of a mechanical nature. The forces among 
the particles of a gas depend only upon distances. In the motions 
of the stars, planets, gas particles, the human mind of the nine- 
teenth century saw the manifestation of the same mechanical 
view. It understood the world of sensual impressions by forming 
pictures of particles and assuming simple forces acting among 
them. The philosophy of nature from the beginning of physics 
to the nineteenth century is based upon the belief that to under- 
stand phenomena means to use in their explanation the concepts 
of particles and forces which depend only upon distances. 

To understand means always to reduce the complicated to the 
simple and familiar.. For the physicists of the nineteenth century, 
to explain meant to form a mechanical picture from which the 
phenomena could be deduced. The physicists of the past century 
believed that it is possible to form a mechanical picture of the 
universe, that the whole universe ib in this sense a great and com- 
plicated mechanical system. 



Through slow, painful struggle and progress the mechanical 
view broke down. It became apparent that the simple concepts 
of particles and forces are not sufficient to explain all phenomena 
of nature. As so often happens in physics, in the time of need 
and doubt, a great new idea was born: that of the field. The old 
theory states: particles and the forces between them are the 
basic concepts. The new theory states: changes in space, spread- 
ing in time through all of space, are the basic concepts of our 
descriptions. These basic changes characterize the field. 

Electrical phenomena were the birthplace of the field concept. 
The very words used in talking about radio Wivcs-sent, spread, 
received-\m^^\y changes in space and therefore field. Not par- 
ticles in certain points of space, but the whole continuous space 
forms the scenery of events which change with time. 

The transition from particle physics to field physics is un- 
doubtedly one of the greatest, and, as Einstein believes, the 
greatest step accomplished in the history of human thought. 
Great courage and imagination were needed to shift the respon- 
sibihty for physical phenomena from particles into the previ- 
ously empty space and to formulate mathematical equations 
describing the changes in space and time. This great change in 
the history of physics proved extremely fruitful in the theory of 
electricity and magnetism. In fact this change is mostly respon- 
sible for the great technical development in modern times. 
_ We now know for sure that the old mechanical concepts are 
insufficient for the description of physical phenomena. But are 
the field concepts sufficient? Perhaps there is a still more primi- 
tive question:. I see an object; how can I understand its exis- 
tence.? From the point of view of a mechanical theory the 
answer would be obvious: the object consists of small particles 
held together by forces. But we can look upon an object as upon 
a portion of space where the field is very intense or, as we say 
where the energy is especially dense. The mechanist says: here 
IS the object localized at this point of space. The field physicist 
says: field is everywhere, but it diminishes outside this portion 
so rapidly that my senses are aware of it only in this particular 
portion of space. 



Basically, three views are possible: 

1. The mechanistic: to reduce everything to particles and 
forces acting among them, depending only on distances. 

2. The field view: to reduce everything to field concepts con- 
cerning continuous changes in time and space. 

3. The dualistic view: to assume the existence of both matter 
and field. 

For the present these three cases exhaust the possibilities of a 
philosophical approach to basic physical problems. The past 
generation believed in the first possibility. None of the present 
generation of physicists believes in it any more. Nearly all physi- 
cists accept, for the present, the third view, assuming the ex- 
istence of both matter and field. 

But the feeling of beauty and simplicity is essential to all 
scientific creation and forms the vista of future theories; where 
does the development of science lead? Is not the mixture of 
field and matter something temporary, accepted only out of 
necessity because we have not yet succeeded in forming a con- 
sistent picture based on the field concepts alone? Is it possible to 
form a pure field theory and to create what appears as matter 
out of the field? 

These are the basic problems, and Einstein is and always has 
been interested in basic problems. He said to me once:. 

"I am really more of a philosopher than a physicist." 

There is nothing strange in this remark. Every physicist is a 
philosopher as well, although it is possible to be a good ex- 
perimentahst and a bad philosopher.. But if one takes physics 
seriously, one can hardly avoid coming in contact with the fun- 
damental philosophic questions. 

General relativity theory (so called in contrast to special 
relativity theory, developed earlier by Einstein) attacks the 
problem of gravitation for the first time since Newton. New- 
ton's theory of gravitation fits the old mechanical view perfectly. 
We could say more. It was the success of Newton's theory that 
caused the mechanical view to spread over all of physics. But 
with the triumphs of the field theory of physics a new task ap- 
peared: to fit the gravitational problem into the new field frame. 



This is the work which was done by Einstein. Formulating the 
equations for the gravitational field, he did for gravitational 
theory what Faraday and Maxwell did for the theory of elec- 
tricity. This is of course only one aspect of the theory of rela- 
tivity and perhaps not the most important one, bur it is a part of 
the principal problems on which Einstein has worked for the 
last few years and on which he is still working. 

Einstein finished his introductory remarks and told me why he 
did not like the way the problem of a unitary field theory had 
been attacked by Born and me. Then he told me of his unsuc- 
cessful attempts to understand matter as a concentration of the 
field, then about his theory of ''bridges" and the difficulties 
which he and his collaborator had encountered while developing 
that theory during a whole year of tedious work. 

At this moment a knock at the door interrupted our conver- 
sation. A very small, thin man of about sixty entered, smiling and 
gesticulating, apologizing vividly with his hands, undecided in 
what language to speak. It was Levi-Civita, the famous Italian 
mathematician, at that time a professor in Rome and invited to 
Princeton for half a year. This small, frail man had refused some 
years before to swear the fascist oath designed for university 
professors in Italy. 

Einstein had known Levi-Civita for a long time. But the form 
in which he greeted his old friend for the first time in Princeton 
was very similar to the way he had greeted me. By gestures 
rather than words Levi-Civita indicated that he did not want 
to disturb us, showing with both his hands at the door that he 
could go away. To emphasize the idea he bent his small body in 
this direction. 
It was my turn to protei>t: 

"I can easily go away and come some other time." 
Then Einstein protested: 

"No. We can all talk together. I shall repeat briefly what I 
said to Infeld just now. We did not go very far. And then we 
can discuss the later part." 

We all agreed readily, and Einstein began to repeat his intro- 
ductory remarks more briefly. This time "English" was chosen 



as the language of our conversation. Since I had heard the first 
part before, I did not need to be very attentive and could enjoy 
the show., I could not help laughing. Einstein's English was very 
simple, containing about three hundred words pronounced in a 
peculiar way. He had picked it up without having learned the 
language formally. But every word was understandable because 
of his quietness, slow tempo and the distinct, attractive sound 
of his voice. Levi-Civita's English was much worse, and the 
sense of his words melted in the Italian pronunciation and vivid 
gestures. Understanding was possible between us only because 
mathematicians hardly need words to understand each other. 
They have their symbols and a few technical terms which are 
recocrnizable even when deformed. 

I watched the calm, impressive Einstein and the small, thin, 
broadly gesticulating Levi-Civita as they pointed out formulae 
on the blackboard and talked in a language which they thought 
to be English. The picture they made, and the sight of Einstein 
pulling up his baggy trousers every few seconds, was a scene, 
impressive and at the same time comic, which I shall never for- 
get. I tried to restrain myself from laughing by saying to myself: 

"Here you are talking and discussing physics with the most 
famous scientist in the world and you want to laugh because he 
does not wear suspenders!" The persuasion worked and I man- 
aged to control myself just as Einstein began to talk about his 
latest, still unpublished paper concerning the work done during 
the preceding year with his assistant Rosen. 

It was on the problem of gravitational waves. Again I believe 
that, in spite of the highly technical, mathematical character of 
this work, it is possible to explain the basic ideas in simple words. 

The existence of electromagnetic waves, for example, light 
waves, X rays or wireless waves, can be explained by one theory 
embracing all these and many other phenomena: by Maxwell's 
equations governing the electromagnetic field. The prediction 
that electromagnetic waves vjust exist was prior to Hertz's ex- 
periment showing that the waves do exist. 

General relativity is a field theory and, rcaghly speaking, it 
does for the problem of gravitation what Maxwell's theory did 



for the problem of electromagnetic phenomena. It is therefore 
apparent that the existence of gravitational waves can be de- 
duced from general relativity just as the existence of electro- 
magnetic waves can be deduced from Maxwell's theory. Every 
physicist who has ever studied the theory of relativity is con- 
vinced on this point. In their motion the stars send out gravi- 
tational waves, spreading in time through space, just as oscillat- 
ing electrons send out electromagnetic waves. It is a common 
feature of all fidd theories that the influence of one object on 
another, of one electron or star on another electron or star, 
spreads through space with a great but finite velocity in the form 
of waves. A superficial mathematical investigation of the struc- 
ture of gravitational equations showed the existence of gravita- 
tional waves, and it was always believed that a more thorough 
examination could only confirm this result, giving some finer 
features of the gravitational waves No one cared about a deeper 
investigation of this subject because in nature gravitational 
waves, or gravitational radiation, seem to play a very small role. 
It is different in iMaxwell's theory, where the electromagnetic 
radiation is essential to the description of natural phenomena. 

So everyone believed in gravitational waves. In the previous 
two years Einstein had begun to doubt their existence. If we in- 
vestigate the problem superficially, they seem to exist. But Ein- 
stein claimed that a deeper analysis flatly contradicts the pre- 
vious statement. This result, if true, would be of a fundamental 
nature. It would reveal something which would asto.^nd every 
physicist: that fieid theory and the existence of waves are not 
as closely connected as previously thought. It would show us 
once more that the first intuition mav be wrong, that deeper 
mathematical analysis may give us ne md unexpected results 
quite different from those foreseen when only scratching the 
surface of gravitational equations. 

I was very much interested in this result, though somewhat 
skeptical. During my scientific career I had learned that you may 
admire someone and regird him as the greatest scientist in the 
world but you must trusr your own brain still more. Scientifc 
creation would become sterile if results were authoritatively or 



dogmatically accepted. Everyone has his own intuition. Every- 
one has his fairly rigidly determined level of achievement and 
is capable only of small up-and-down oscillations around it. 
To know this level, to know one's place in the scientific world, 
is essential. It is good to be master in the restricted world of your 
own possibilities and to outgrow the habit of accepting results 
before they have been thoroughly tested by your mind. 

Both Levi-Civita and 1 were impressed ^y the conclusion re- 
garding the nonexistence of gravitational waves, although there 
was no time to develop the technical methods which led to this 
conclusion. Levi-Civita indicated that he had a luncheon ap- 
pointment by gestures so vivid that they made me feel hungry. 
Einstein asked me to accompany him home, where he would give 
me the manuscript of his paper. On the way we talked physics. 
This overdose of science began to weary me and I had difficulty 
in following him. Einstein talked on a subject to which we re- 
turned in our conversations many times later. He explained why 
he did not find the modern quantum mechanics aesthetically 
satisfactory and why he believed in its provisional character 
which would be changed fundamentally by future development. 

He took me to his study with its great window overlooking 
the bright autumn colors of his lovely garden, and his first and 
only remark which did not concern physics was: 

"There is a beautiful view from this window.'' 

Excited and happy, I went home with the manuscript of Ein- 
stein's paper. I felt the anticipation of intense emotions which 
always accompany scientific work: the sleepless nights in which 
imagination is most vivid and the controlling criticism weakest, 
the ecstasy of seeing the light, the despair when a long and 
tedious road leads nowhere; the attractive mixture of happiness 
and unhappiness. All this was before me, raised to the highest 
level because I was working in the best place in the world. 



The progress of my work with Einstein brought an in- 
creasing intimacy between us. iMore and more often we talked of 
social problems, politics, human relations, science, philosophy, 
life and death, fame and happiness and, above all, about the 
future of science and its ultimate aims. Slowly I came to know 
Einstein better and better. I could foresee his reactions; I under- 
stood his attitude which, although strange and unusual, was 
always fully '-onsistent with the essential features of his per- 
sonality. 

Seldom has anyone met as many people in his life as Einstein 
has. Kings and presidents have entertained him; everyone is 
eager to meet him and to secure his friendship. It is compara- 
tively easy to meet Einstein but difficult to know him. His mail 
brings him letters from all over the world which he tries to an- 
swer as long as there is any sense in answering. But through all 
the stream of events, the in7pact of people and social life forced 
upon him, Einstein remains lonely, loving solitude, isolation and 
conditions which secure undisturbed work. 

A few years ago, in London, Einstein made a speech in Albert 
Hall on behalf of the refugee scientists, the first of whom had 
begun to pour out from Germany all over the world. Einstein 
said then that there are many positions, besides those in universi- 
ties, which would be suitable for scientists. As an example he 
mentioned a lighthouse keeper. This would be comparatively 
easy work which would allow one to contemplate and to do 
scientific research. His remark seemed funny to every scientist. 
But it is quite understandable from Einstein's point of view. One 
of the consequences of loneliness is to judge everything by one's 
own standards, to be unable to change one's co-ordinate sys- 



tern by putting oneself into someone else's being. I always 
noticed this difficulty in Einstein's reactions. For him loneliness, 
life in a lighthouse, would be most stimulating, would free him 
from so many of the duties which he hates. In fact it would be 
for him the ideal life. But nearly every scientist thinks just the 
opposite. It was the curse of my life that for a long time i vi-as 
not in a scientific atmosphere, that I had no one with whom to 
talk physics. It is commonly known that stimulating environ- 
ment strongly influences the scientist, that he may do good 
work in a scientific atmosphere and that he may become sterile, 
his ideas dry up and all his research activity die if his environ- 
ment is scientifically dead. I knew that put back in a gymnasium, 
in a provincial Polish town, I should not publish anything, and 
the same would have happened to many another scientist better 
than I. But genius is an exception. Einstein could work any- 
where, and it is difficult to convince him that he is an exception. 

He regards himself as extremely lucky in life because he never 
had to fight for his daily bread. He enjoyed the years spent in 
the patent office in Switzerland. H^ ^ound the atmosphere more 
friendly, more human, less marred intrigue than at the uni- 
versities, and he had plenty of time for scientific work. 

In connection with the refugee problem he told me that he 
would not have minded working with his hands for his daily 
bread, doing something useful like making shoes and treating 
physics only as a hobby; that this might be more attractive than 
earning money from physics by teaching at the university. 
Again something deeper is hidden behind this attitude. It is the 
*Veligious" feeling, bound up with scientific work, recalling that 
of the early Christian ascetics. Physics is great and imponant. 
It is not quite right to earn money by physics. Better to do 
something different for a living, such as tending a lighthouse or 
making shoes, and keep physics aloof and clean. Naive as it may 
seem, this attitude is consistent with Einstein's character. 

I learned much from Einstein in the realm of physics. But 
what I value most is what I was taught by my contact with him 
in the human rather than the scientific domain. Einstein is the 
kindest, most understanding and helpful man in the world. But 



again this somewhat commonplace statement must not be taken 
literally. 

The feeling of pity is one of the sources of human kindness. 
Pity for the fate of our fellow men, for the misery around us, 
for the juffering of human beings, stirs our emotions by the 
resonance of sympathy. Our own attachments to life and people, 
the ties which bind us to the outside world, awaken our emo- 
tional response to the struggle and suffering outside ourselves. 
But there is also another entirely different source of human 
kindness. It is the detached feeling of duty based on aloof, clear 
reasoning. Good, clear thinking leads to kindness and loyalty 
because this is what makes life simpler, fuller, richer, diminishes 
friction and unhappiness in our environment and therefore also 
in our lives. A sound social attitude, helpfulness, friendliness, 
kindness, may come from both these different sources; to express 
it anatomically, from heart and brain. As the years passed T 
learned to value more and more the second kind of decency uiat 
arises from clear thinking. Too often I have seen how emotions 
unsupported by clear thought are useless if not destructive. 

Here again, as I see it, Einstein represents a limiting case. I had 
never encountered so much kindness that was so completely 
detached. Though only scientific ideas and physics really matter 
to Einstein, he has never refused to help when he felt that his 
help was needed and could be effective. He wrote thousands of 
letters of recommendation, gave advice to hundreds. For hours 
he talked with a crank because the family had written that 
Einstein was the only one who could cure him. Einstein is kind, 
smiling, understanding, talkitive with people whom he meets, 
waiting patiently for the moment when he will be left alone to 
return to his work. 

Einstem wrote about himself: 

My passionate interest in social justice and social responsibility 
has always stood in curious contrast to a marked lack of desire for 
direct association with men and women. I am a horse for single 
harness, not cut out for tandem or teamwork. I have never belonged 
wholeheartedly to country or state, to my circle of friends or even 
to my (jwn faniily« These ties have always been accompanied by a 



vague aloofness, and the wish to withdraw into myself inc^e.^"S 
with the years. 

Such isolation is sometimes bitter, but I do not regret being cut 
off from the understanding and sympathy of other men. I lose 
something by it, to be sure, but I am comr jnsat^d for it in being 
rendered independent of the customs, opinions and prejudices of 
others and am not tempted to rest my peace of mind upon such 
shifting foundations. 

For scarcely anyone is fame so undesired and meaningless as 
for Einstein. It is not that he has learned the bitter taste of fame, 
as frequently happens, after having desired it. Einstein told me 
that in his youth he had always wished to be isolated from the 
struggle of life. He was certainly the last man to have sought 
fame. But fame came to him, perhaps the greatest a scientist ha 3 
ever known. I often wondered why it came to Einstein. His ideas 
have not influenced oxir practical life. No electric light, no tele- 
phone, no wireless is connected with his name. Perhaps the only 
important technical discovery which takes its origin in Ein- 
stein's theoretical work is that of the photoelectric cell. But 
Einstein is certainly not famous because of this discovery. It is 
his work on relativity theory which has made his name known 
to all the civilized world. Does the reason lie in the great influ- 
ence of Einstein's theory upon philosophical thought? This 
again cannot be the w^hole explanation. The latest developments 
in quantum mechanics, its connection with determinism and in- 
detemiinism, influenced philosophical thought fully as much. 
But the names of Bohr and Heisenberg have net the glcy that 
13 Einstein's. The reasons for the great fame which diffused 
deeply among the masses of people, most of them removed from 
creative scientific work, incapable of estimating his work, must 
be manifold and, I believe, sociological in character. The ex- 
planation was suggested to me by discussions with one of my 
friends in England. 

It was in 19 19 that Einstein's fame began. At this time his great 
achievement, the structure of the special and general relativity 
theories, was essentially finished. As a matter of fact it had been 
completed five years before. One of the consequences of the 



general relativity theory may be described as follows: if we 
photograph a fragment of the heavens during a ijolar eclipse 
and the same fragment in normal conditions, we obtain slightly 
different pictures. The gravitational field of the sua slightly dis- 
turbs and deforms the path of light, therefore the photographic 
picture of a fragment of the heavens will vary somewhat during 
the solar eclipse from that under normal conditions. Not only 
qualitatively but quantitatively the theory of relativity predicted 
the difference in these two pictures. English scientific expedi- 
tions sent in 19 19 to different parts of the w^orld, to Africa 
and South America, coniirmed this prediction made by Einstein. 

Thus began Einstein's great fame. Unlike that of film stars, 
politicians and boxers, the fame persists. There are no signs of 
its diminishing; there is no hope of relief for Einstein. The fact 
that the theory predicted an event which is as far from our 
everyday life as the stars to which it refers, an event which 
follows from a theory through a long chain of abstract argu- 
ments, seems h?rdly sufficient to raise the enthusiasm of the 
masses. But it did. And the reason must be looked for in the 
postwar psychology. 

It was just after the end of the war. People were weary of 
hatred, of killing and international intrigues. The trenches, 
bombs and murder had left a bitter taste. Books about war did 
not sell. Everyone looked for a new era of peace and wanted to 
forget the war. Here was something which captured the imagi- 
nation: human eyes looking from an earth covered with ^^raves 
and blood to the heavens covered with stars. Abstract thouf^ht 
carrying the human mind far away from the sad and disappoint- 
ing reality. The mystery of the sun's eclipse and the penetrating 
power of the human mind. Romantic scenery, a strange glimpse 
of the eclipsed sun, an imaginary picture of bending light rays, 
all removed from the oppressive reality of life. One further 
reason, perhaps even more important: a new event was pre- 
dicted by a Genmn scientist Einstein and confirmed by English 
astronomers. Scientists belonging to two warring nations had 
collaborated again! It seemed the beginning of a new era. 

It is difficult to resist fame and not to be influenced by it. But 



fame has had no effect on Einstein. And again the reason lies in 
his internal isolation, in his aloofness. Fame bothers him when 
and as long as it impinges on his life, but he ceases to be con- 
scious of it the moment he left alone. Einstein is unaware of 
his fame and forgets it when he is allowed to forget it. 

Even in Princeton everyone looks with hungry, astonished 
eyes at Einstein. During our walks we avoided the more 
crowded streets to walk through fields and along forgotten by- 
ways. Once a car stopped us and a middle-aged woman got out 
with a camera and said, blushing and excited: 

"Professor Einstein, will you allow me to take a picture of 
you?" 

"Yes, sure." 

He stood quiet for a second, then continued his argument. 
The scene did not exist for him, and I am sure after a few min- 
utes he forgot that it had ever happened. 

Once we went to a movie in Princetoi^ to see the Life of £7mie 
Zola. After we had bought our tickets we went to a crowded 
waiting room and found that we should have to wait fifteen 
minutes longer. Einstein suggested that we go for a walk. When 
we went out I said to the doorman; 

"We shall return in a few minutes." 

Put Einstein became seriously concerned and added in all 
innocence: 

"We haven't our tickets any more. Will you recognize us?" 
The doorman thought we were joking and said, laughing: 
"Yes, Professor Einstein, I will." 

Einstein is, if he is allowed to be, completely unaware of his 
fame, and he furnishes a unique example of a character un- 
touched by the impact of the greatest fame and publicity. But 
there are moments when the aggressiveness of the outside world 
disturbs his peace. He once told me: 

"I envy the simplest working man. He has his privacy." 

Another time he remarked: 

"I appear to myself as a swindler because of the great pub- 
licity about me without any real reason." 



Einstein understands everyone beautifully when logic and 
thinking are needed. It is much less easy, however, where emo- 
tions are concerned; it is difficult for him to imagine motives 
and emotions other than those which are a part of his life. Once 
he told me; 

"I speak to everyone in the same way, whether he is the 
garbage man or the president of the university." 

I remarked that this is difficult for other people. That, for 
example, when they meet him they feel shy and embarrassed, 
that it takes time for this feeling to disappear and that it was so 
in my case. He said: 

"I cannot understand this. Why should anyon:. be shy with 
me?" 

If my explanation concerning the beginning of Einstein's fame 
IS correct, then there still remains another question to be an- 
swered: why does this fame cling so persistently to Einstein in a 
changing world which scorns today its idols of yesterday? I do 
not think the answer is difficult. 

Everything that Einstein did, everything for which he stood, 
was always consistent with the primary picture of him in the 
minds of the people. His voice was always raised in defense of 
the suppressed; his signature always appeared in defense of lib- 
eral causes. He was like a saint with two halos around his head. 
One was formed of ideas of justice and progress, the other of 
abstract ideas about physical theories which, the more abstruse 
they were, the more impressive they seemed to the ordinary 
man. His name became a symbol of progress, humanity and 
creative thought, hated and despised by those who spread hate 
and who attack the ideas for which Einstein's name stands. 

From the same source, from the desire to defend the op- 
pressed, arose his interest in the Jewish problem. Einstein himself 
was not reared in the Jewish tradition. It is again his detached 
attitude of sympa^hy, the rational idea that help must be given 
where help is needed, that brought him near to the Jewish 
problem., Jews have made splendid use of Einstein's gcnde atti- 
tude. He once said: 



"I am something of a Jewish saint, When I die the Jews will 
take my bones to a banquet and collect money." 

In spite of Einstein's detachment I had often the impression 
that the Jewish problem is nearer his heart than any other social 
problem. The reason may be that I met him just at the time 
when the Jewish tragedy was greatest and perhaps, also, because 
he believes that there he can be most helpful. 

Einstein also fully realized the importance of the war in Spain 
and foresaw that on its outcome not only Spain's fate but the 
future of the world depended. I remember the gleam that came 
into his eyes when I told him that the afternoon papers carried 
news of a Loyalist victory. 

"That sounds like an angeKs song," he said with an excite- 
ment which I had hardly cv^r noticed before. Cut two minutes 
later we were writing down formulae and the external world 
bad again ceased to exist. 

It took me a long time to realize that in his aloofne:s and isola- 
tion lie the simple keys leading to an understanding of many 
of his actions. I am quite sure that the day Einstein received the 
Nobel prize he was not in the slightest degree excited and that 
if he did not sleep well that it was because of a problem which 
was bothering him and not because of the scientific distinction. 
His Nobel prize medal, together with rr.any others, is laid aside 
among papers, honorary degrees and diplomas in the room 
where his secretary works, and I am sure that Einstein has no 
clear idea of what the medal looks like. 

Einstein tries consciously to keep his aloofness intact by 
small idiosyncrasies which may seem strange but which increase 
his freedom and further loosen his ties with the external world. 
He never reads articles about himself. He said that this helps 
him to be free. Once I tried to break his habit. In a French 
newspaper there was an article about Einstein which was repro- 
duced in many European papers, even in Poland and Lithuania. 
I have never seen an article which was further from the truth 
than this one. For example, the author said that Einstein wears 
glasses, lives in Princeton in one room on the fifth floor, comes to 
the institute at 7 a.m., always wears black, keeps many of his 



technical discoveries secret, etc. The article could be character- 
ized as the peak of stupidity if stupidity could be said to have a 
peak. Fine Hall rejoiced in the article and hung it up as a curi- 
osity on the bulletin board at the entrance. I thought it so funny 
that I read it to Einstein, who at my request listened carefully 
but was little interested and refused to be amused. I could see 
from his expression that he failed to understand why I found it 
so funny. 

One of my colleagues in Princeton asked me: 

"If Einstein dislikes his fame and would like to increase his 
privacy, why doe;> he not do what ordinary people do? Why 
does he wear long hair, a funny leather jacket, no socks, no 
suspenders, no collars, no ties?" 

The answer is simple and can easily be deduced from his 
aloofness and desire to loosen his ties with the outside world. 
The idea is to restrict his needs and, by this restriction, increase 
his freedom. We are slaves of millions of things, and our slavery 
progresses steadily. For a week I tried an electric razor-and one 
more slavery entered my life. I dreaded spending the summer 
where there was no electric current. We are slaves of bathrooms, 
Frigidaires, cars, radios and millions of other things. Einstein 
tried to reduce them to tiic absolute minimum. Long hair mini- 
mizes the need for the barber. Socks can be done without. One 
leather jacket solves the coat problem for many years. Suspend- 
ers are superfluous, as are nightshirts and pajamas. It is a mini- 
mum problem which Einstein has solved, and shoes, trousers, 
shirt, jacket, are the very necessary things; it would be difficult 
to reduce them further. 

I like to imagine Einstein's behavi(^r in an unusual situation. 
For example: Princeton is bombed from the air; explosives fall 
over the city, people flee to shelter, paiic spreads over the town 
and everyone loses his head, increasing the chaos and fear by his 
behavior. If this situation should find Einstein walking through 
the street, he would be the only man to remain as quiet as before. 
He would think out what to do in this situation; he would do it 
without accelerating the normal speed of his motions and he 
would still keep in mind the problem on which he was thinking. 



There is no fear of death in Einstein. He said to me once: 
"Life is an exciting show. I enjoy it. It is wonderful. But if I 
knew that I should have to die in three hours it would impress 
me very little, I should think how best to use the last three hours, 
then quietly order my papers and lie peacefully down/' 
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Mr. Tompkins and Simultaneity 



George Gamow 



Mr Tompkins was very amused about his adventures in the 
relativistic city, but was sorry that the professor had not been with 
him to give any explanation of the strange things he had observed: 
the mystery of how the railway brakeman had been able to pre- 
vent the passengers from getting old worried him especially. 
Many a night he went to bed with the hope that he would see this 
interesting city again, but the dreams were rare and mostly un- 
pleasant; last time it was the manager of the bank who was firing 
him for the uncertainty he introduced into the bank accounts. . . 
so now he decided that he had better take a holiday, and go for a 
week somewhere to the sea. Thus he found himself sitting in a 
compartment of a train and watching through the window the 
grey roofs of the city suburb gradually giving place to the green 
meadows of the countryside. He picked up a newspaper and tried 
to interest himself in the Vietnam conflict. But it all seemed to be 
so dull, and the railway carriage rocked him pleasantly. . .. 

When he lowered the paper and looked out of the wind ^w 
again the landscape had changed considerably. The telegraph 
poles were so close to each other that they looked like a hedge, 
and the trees had extremely narrow crowns and were like Italian 
cypresses. Opposite to him sat his old friend the professor, look- 
ing through the window with great interest. He had probably 
got in while Mr Tompkins was busy with his newspaper. 

* Weare in the land of relativity,' said Mr Tompkins, *aren't we? ' 

*Oh!.' exclaimed the professor, *you know so much already! 
Where did you learn it from?' 

*I have already been here once, but did not have the pleasure of 
your company then/ 



*So you are probably going to be my guide this time/ the old 
man said. 

*I should say not/ retorted Mr Tompkins. *I saw a lot of 
unusual things, but the local people to whom I spoke could not 
understand what my trouble was at all.* 

* Naturally enough/ said the professor. *They are born in this 
world and consider all the phenomena happening around them as 
self-evident. But I imagine they would be quite surprised if they 
happened to get into the world in which you used to live. It would 
look so remarkable to them.' 

*May I ask you a question?* said Mr Tompkins. *Last time 
I was here, I met a brakeman from the railway who insisted that 
owing to the fact that the train stops and starts again the passengers 
grow old less quickly than the people in the city. Is this magic, or 
is it also consistent with modern science?* 

* There is never any excuse for putting forward magic as an 
explanation,* said the professor. *This follows direcdy from the 
laws of physics. It was shown by Einstein, on the basis of his 
analysis of new (or should I say as-old-as-the-world but newly 
discovered) notions of space and time, that all physical processes 
slow down when the system in which they are taking place is 
changing its velocity. In our world the effects are almost un- 
observably small, but here, owing to the small velocity of light, 
they are usually very obvious. If, for example, you tried to boil 
an egg here, and instead of letting the saucepan stand quiedy on 
the stove moved it to and fro, constantly changing its velocity, it 
would take you not fivebut perhaps six minutes to boil it properly. 
Also in the human body all processes slow down, if the person is 
sitting (for example) in a rocking chair or in a train which changes 
its speed; we live more slowly under such conditions. As, how- 
ever, all processes slow down to the same extent, physicists prefer 
to say that in a non-uniformly moving system time flows more slowly .* 

*But do scientists actually observe such phenomena in our 
world at home?* 



*They do, but it requires considerable skill. It is technically 
very difficult to get the necessary accelerations, but the conditions 
existing in a non-..niformly moving system are analogous, or 
should I say identical, to the result of the action of a very large 
force of gravity. You may have noticed that when you are in an 
elevator which is rapidly accelerated upwards it seems to you that 
you have grown heavier; on the contrary, if the elevator starts 
downward (you realize it best when the rope breaks) you feel as 
though you were losing weight. The explanation is that the gravi- 
tational field created by acceleration is added to or subtracted 
^rom the gravity of the earth. Well, the potential of gravity on the 
sun is much larger than on the surface of the earth and all processes 
there should be therefore slightly slowed down. Astronomers do 
observe this.' 

*But they cannot go to the sun to observe it?' 
'They do not need to go there. They observe the light coming 
to us from the sun. This light is emitted by the vibration of dif- 
ferent atoms in the solar atmosphere. If all processes go slower 
there, the speed of atomic vibrations also decreases, and by com- 
paring the light emitted by solar and terrestrial sources one can 
see the difference. Do you know, by the way —the professor 
interrupted himself— what the name of this little station is that 
we are now passing?' 

The train was rolling along the platform of a little countryside 
station which was quite empty except for the station master and a 
young porter sitting on a luggage trolley and reading a news- 
paper. Suddenly the station master threw his hands into the air 
and fell down on his face. Mr Tompkins did not hear the sound of 
shooting, which was probably lost in the noise of the train, but the 
pool of blood forming round the body of the station master left 
no dcubt. The professor immediately pulled the emergency cord 
and the train stopped with a jerk. When they got out of the 
carriage the young porter was running towards the body, and a 
country policeman was approaching. 
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*Shot through the heart/ said the policeman after inspecting the 
body, and, putring a heavy hand on the porter's shoulder, he went 
on • *I am arresting you for the murder of the station master/ 

*I didn't kill him,' exclaimed the unfortunate porter. *I was 
reading a newspaper when I heard the shot. These gentlemen from 
the train have probably seen all and can testify that I am innocent.' 

*Yes,' said Mr Tompkins, *I saw with my own eyes that this 
man was reading his paper when the station master was shot. 
I can swear it on the Bible.' 

*But you were in the moving train,' said the policeman, taking 
an authoritative tone, *and what you saw is therefore no evidence 
at all. As seen from the platform the man could have been shoot- 
ing at the very same moment. Don't you know that simuhaneous- 
ness depends on die system from which you observe it? Come 
along quietly,' he said, turning to the porter. 

* Excuse me, constable,' interrupted the professor, * but you are 
absolutely wrong, and I do not think that at headquarters they will 
like your ignorance. It is true, of course, that the notion of simul- 
taneousness is highly relative in your country. It is also true that 
two events in different places could be simultaneous or not, 
depending on the motion of the observer. But, even in your 
country, no observer could see the consequence before the cause. 
You have never received a telegram before it was sent, have you? 
or got drunk before opening the bottle? As I understand you, you 
suppose that owing to the motion of the train the shooting would 
have been seen by tis much later than its effect and, as we got out 
of the train immediately we saw the station master fall, we still had 
not seen the shooting itself. I know that in the police force you 
are taught to believe only what is written in your instructions, but 
look into them and probably you will find something about it.' 

The professor's tone made quite an impression on the police- 
man and, pulling out his pocket book of instructions, he started to 
read it slowly through. Soon a smile of embarrassment spread out 
across his big, red face. 



*Here it is/ said lie, 'section 37, subsection 12, paragraph e: 
**As a perfect alibi should be recognized any authoritative proof, 
from any moving system whatsoe\t'r, that at the moment of the 
crime or within a time interval ± cd {c being natural speed limit 
and J the distance from the place of the crime) the suspect was seen 
in another place./** 

* You are free, my good man/ he said to the porter, and then, 
turning to the professor: * Thank you very much, Sir, for saving 
me from trouble with headquarters. I am new to the force and 
not yet accustomed to all these rules. But I must report the 
murder anyway,' and he went to the telephone box. A minute 
later he was shouting across the platform. *All is in order now! 
They caught tlie real murderer when he was running away from 
the station. Thank you once more!* 

*I may be very stupid,' said Mr Tompkins, when the train 
started again, *but what is all this business about simultaneous- 
ness? Has it really no meaning in this country?' 

*It has,' was the answer, *but only to a certain extent; other- 
wise I should not liave been able to help the porter at all. You see, 
the existence of a natural speed limit for the motion of any body or 
the propagation of any signal, makes simultaneousness in our 
ordinary sense of the word lose its meaning. You probably will 
see it more easily this way. Suppose you have a friend living in a 
far-away town, with whom you correspond by letter, mail train 
being the fastest means of communication. Suppose now that 
something happens to you on .Sunday and you learn that the same 
thing is going to happen to your friend. It is clear that you cannot 
let him know about it before Wednesday. On the other hand, if 
he knew in advance about the thing that was going to happen to 
you, the last date to let you knew about it would have been the 
previous Thursday. Thus for six days, from Thursday to next 
Wednesday, your friend was not able either to influence your fate 
on Sunday or to learn about it. From the point of view of causality 
he was, so to speak, excommunicated from you for six days.' 



*What about a telegram?' sujgested Mr Tompkins. 

*Vv'ell, I accepted that the velocity of the mail train was the 
maximum possible velocity, which is about correct in this 
country. At home the velocity of light is the maximum velocity 
and you cannot send a signal faster than by radio.' 

*But still/ said Mr Tompkins, *even ifthe velocity of the mail 
train could not be surpassed, what has it to do with simultaneous- 
ness? My friend and myself would still have our Sunday dinners 
simultaneously, wouldn't we?' 

*No, that statement would not have any sense thenj one ob- 
server would agree to it, but there would be others, making their 
observations from different trains, who would insist that you eat 
your Sunday dinner at the same time as your friend has his Friday 
breakfast or Tuesday lunch. But in no way could anybody 
observe you and your friend sirr ultaneously having meals more 
than three days apart.' 

'But how can all this happen?' exclaimed Mr Tompkins un- 
believingly. 

*In a very simple way, as you might have noticed from my 
lectures. The upper limit of velocity must remain the same as 
observed from different moving systems, if we accept this we 
should conclude that... ..' 

But their conversation was interrupted by the train arriving at 
the station at which Mr Tompkins had to get out. 



Mathematics and Relativity 

Eric M. Rogers 



Mathemcttcs as Language 

The sczenlisl, collecting information, formubbng 
schemes, building knowledge, needs to express lum- 
self in clear language, but ordinary languages are 
much more vague and unreliable than most people 
think. "I love vegetaMes" is so vague that it is almost 
a disgrace to a civilized language — a few savage 
cries could make as full a statement "A thermometer 
told me the temperature of the bath water.'* Ther- 
mometers don't "tell." All >ou do is try to decide on 
its reading by staring at it — and you are almost cer- 
tainly a httle uTong A thermometer does not show 
the temperature of the water, it shous i^ own tem- 
perature Some of these quarrels relate to the physics 
of the matter, but they are certainly not helped by 
the wording We can make our statements safer by 
being more careful, but our science stil! emerges 
with wording that needs a series of explanator\' 
footnotes In contrast, the language of mathematics 
says what it means with amazing brevit)* and hon- 
esty When wc write 2x» — 3x -f 1 == 0 we make a 
very definite, though very dull, statement about x 
One advantage of using mathematics in science is 
that we can make it wTite whzt we want to say with 
accuracy, avoiding vagueness and unwanted extra 
meanings The remark "sv 'At = 32" makes a clear 
statement without drai^ging in a long, wordv de- 
scnption of acceleration 7 = 16f^ tolls us how a 
rock falls without adding anv comments on mas5 or 
gravity 

Mathematics is of great use as a shorthand, both in 
stating relationships and in canying out complicated 



arguments, as when we amalgamate several relation- 
ships. We can say, for uniformly accelerated motion, 
"the distance traveilod is the sum of the product of 
initial velocit)' and time, and half the product of the 
acceleration and the square of the time."* but it is 
shorter to sav, "s = v^z -^h af ^" If we tried to oper- 
ate with ',\ordy statements ia;tead of algebra, we 
should still be able to start with two accelerated- 
motion relations and extract a third one, as when 
we obtained = t>^* -\- 2asin Chapter 1, Appendix 
A, but, without the compact shorthand of algebra, 
it would be a brain-twister argument Comg still 
further, into discussions where wc use the razor- 
sharp algebra called calculus, arguing in words 
would be impossibly complex and cumbersome. In 
such cases mathematics is like a sausago-mach*ne that 
operates with the rules ot logical argument instead 
of wheels and pistons. It takes in the scientific in- 
formation we provide — facts and r'^lal ions hips from 
experiment, and schemes from c^tr minds, dreamed 
up as guesses to be tried— ii.d rehashes them into 
new form Like the real sausige-machine, it docs not 
always debver to the new sausage all the material 
fed in, but it never delivers anj-thing that was not 
supplied to it origin-^lly It cannot manufacture 
science of the real world from its own machmatiors 

Mathematics: the Good Servant 

Yet m addition to routine ser\'iccs mathematics 
can indeed perform mar\'els for science. As a lesser 
marvel, it can present the new sausage in a form 
that suggests further uses. For example, suppose 



>ou had disco\orod that falhng bodies have a con- 
stant acceleration of 32 ft. sec, sec, and that an/ 
dounuard mofion they are given to start with is 
added to the motion gamed bv accelcjration Then 
the mathem/.ticai maclune could take your experi- 
mental diiovtry and measurement of "g" and pre- 
dict diereJitionships - v,t -f H(32)f= Nou suppose 
you hac! rever thought of including upward-thrown 
things IP your study, had never seen a ball rise and 
fall in parabola. The mathematical machine, not 
haWnp been warned of any such restriction, would 
calmly offer its prediction as if unrestricted Thus 
ycu .night try putting in an upward start, givmg v, 
a nr.gah've value in the formula. At once the formula 
tehs a different-looking story In that case, it savs, 
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the stone Aould fly up slower and slo ver. reach a 
highcsr >^)rit. and then fall faster and faster. This 
is not .1 rash guess on the algebra's part It is an 
unemotional routine statement. The algebra-.-n.t- 
chine's defense would be. Tou ne\*cr told me 
had to Ke dowTiward I do not know whether the 
neu p.-edicticn is ri^ht .-Ml I can say is that IF an 
upuxjrd thron follotis the ndcs I uas told to ttsc for 
dotinn ird throws. THES an upward throxtm hall 
wtU ri^e, stop, fall." It is ue who make the rash guess 
that the basic rules may be general. It is wc uho 
welcome the machine's new hint, but we then go out 
and trv it • To take Another example from projectile 
mathematics the following problem, which \ou met 
earh'er. has two answers. 



Proble\! 

"A stone is thrown upward. vS- [ ^ ^ ^ 
with initial speed 64 ft/sec. '^I, ] ^Sjt 
at a bird in a tree How " - ^-f 
lonfT after its start *ai11 the 
stone hit the bird, which is J i 
4S feet above the thrower'-'-'^T^jT^) j , yy; y ^- ^ 
Answer. 31.2 
1 second or 3 seconds 



This shows algebra as a \er\ honest, if rather dumb, 
servant Tliere are two answers and there s'oiild 
be, for the problem as presented to the machine 
The st( ne ma\ hit the bird as it goes up ( 1 sec from 
starts, or as it falls down again (after 3 sees). 
The machine, if blamed for the second .mswer 
would complain. "But >ou never told me the stone 
had to hit the bird, still !ess that it must hit it on the 
way up I only calculated uhen the stone would be 
4S feet above the thrower. There are two such 
times." Looking back, we see we neither wrote an\. 
thing in the mathematics to express contact between 
stone and bird nor said which way the stone w:as to 
be moving It is our fault for gu 'ng incomplete in- 
structions, and It IS to the credit of the machine that 
It politely tells us all the answers which .ire possible 
within those instrucHon^ 

If the answer to some algebra problem on farm- 
ing emerges as 3 cows or 2)* cows, we rightly reject 
the second answer, but we blame ourselves for not 
ielltn^ the mathematical machine an important fact 
about ^ows In phvsics problems where several 
answers emerge we are u^ualiv unwise to v 
some of them awav Thev may all be quite tr e o/. 
if some are verv queer, accepting them prc^ isi nally 
na lead to new knowledge If you look back < ' the 
pro.ecUle problem. No 7 m Chapter 1, .Appendix B, 
\vu mav now see what its second answer meant 
Here is one hke it. 

FflOBLEM. 



.•\ man throws a stone down 
a well which is % feet deep. 
It starts with downtixird 
velocity 16 ft^sec. When 
will It reach the bottom^ 

KiG 31-1 



liii^ i« a ^mp!** fT^mpIc. chasm to «v ph\<i« \tm itr 
faiPikir \vJth— unfortijnatply so simple that \ori kn«u the 
a-«uer before ^-ou let the machme supcest it There are manv 
ciw^ where the machine can produce suggestions that arc 
'jvi.te une^pcctrd and do indeed send -.is nishm^j to experi- 
ment Eg, mathematical treatment of the wa\e thcorv of 
light suggested that when h^ht casts a sharp shadow of a 
«w *.Serr will he a tiny bneht 5p.>t of light m thr m»l<}|e 
of the $hado\' on a wall "There i< a hole in c\^t\ com " 
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Assign suitable 4- and — signs to the data, substi- 
tute them in a suitable relation for free f.ilJ, and 
solve the equation. You will obtain two answers, 
One a sensible tune with -f sign (the *'right" an- 
swer), the other a negative time. Is the negative 
answer necessarily meaningless and silly? A time 
such as "—3 seconds'* simply means, "3 seconds be- 
fore the clock was started " The algebra-machine is 
not told that the stone was flung doum by the man 
It 13 only told that when the clock start2d at zero 
the stone wcs moving DOWN with speed 16 ft /sec, 
and thereafter fell freely For all the algebra knows, 
the stone may have just skimmed through the man's 
hand at time zero. It may have been started much 
earher by an assistant at the bottom of the well who 
hurled it upward fast enough to have just the right 
velocity at time zero. So, while our story runs, 
"George, standing at the top of the well, hurled the 
stone down . • . an answer —3 seconds suggests an 
alternative story; "Alfred, at the bottom of the well, 
hurled the stone up with great speed. The stone rose 
up through the wl'11 and into the air above, with 
diminishing speed, reached a highest point, fell with 
mcreasing speed, moving down past George 3 sec- 
onds after Alfred threw it. George missed it (at 
/ = 0), so it passed him at 16 ft/sec and fell on 
down the well again." According to the algebra, the 
stone will reach the bottom of the well one second 
after it leaves George, and it might have started 
from the bottom 3 seconds before it passes George. 

Return to Problem 7 of Chapter 1, Appends B 
a^id try to interpret its two answers. 



saying "Keep it, my boy"? He did neither lie simply 
brought the exact change, 19 slnlhngs and 11% 
pence The miser was dcbghted, saying, ".^t last I 
havc found an honest man", and he bequeathed to 
the boy all the gold he possessed The boy, in 
wooden-headed honesty, interpreted the miser's will 
hterallv, even to the extent of taking gold fillings 
from his teeth ) 

Mathematics the Clever Servant 

As a greater marvel, mathematics can p.esent the 
new sausage in a form that suggests entircK new 
viewpoints With vision of genius the scientist may 
see, in something new, a faint resemblance to some- 
thing seen before— enough to suggest the next step 
in imaginative thinking and tnal If we tried to do 
without mathematics we should lose more than a 
clear language, a shorthand script for argument and 
a powerful tool for reshaping information. Wc 
should also lose an aid to scientific vision on a higher 
plane. 

With mathematics, we can codify present science 
so clearly that it is easier to discover the essential 
simplicity many of us seek in science That is no 
crude simplicity such as finding all planetary orbits 
circles, but a sophisticated simplicity to be read 
only in the language of mathematics itself. For ex- 
ample, imagine we make a hump in a taut rope bv 
slapping It (Fig 31-6). Using Newton's Law 11, we 
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Problem 7 

A man standing on the top 
of a tower throws a stone 
up into the air with initial 
velocity 32 feet/sec up- 
ward. The man's hand is 
45 feet above the ground 
How long wnll the stone 
take to reach the j^round^ 
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In these problems mathematics shows itself to 
be the completely honest servant — rather like the 
hor.cst boy in one of G. K Chesterton's "Father 
Brown" stories (There, a slow-witted village lad 
delivered a telegram to a miser The miser meant to 
tip the boy with the smallest English coin, a bright 
bronze farthing (4^). but gave him a golden pound 
($3) by mistake What was the boy to do when he 
discovered the oh\i()us mistake^ Keep the pound, 
trading on the mistake dishonestly^ Oi hriiii» it hack 
wnth unctuous virtue and embarrass the miser mto 



F"ic 31-6 Wave Travels \lonc a Rope 

can modify the behavior of the hump in compact 
mathematical form. There emerges, quite uninvited, 
the clear mathematical trademark of ^L-ave motion * 
The m:*thematical form predicts that the hump will 
travel along as a wave, and tells us how to compute 
the wave's speed from the tension and mass of the 

•The ua\c-cf}uation rcduotJ to the esscMial fonn 
V'V = (I 'c*) rP."t/r' 
Fcr cnj/ wave of constant pattern thai travels «,ith spee<I c 
(If >ou are familiar vulh calculus, ask a phvstcist to shovk 
you this remarkable piece of gcr.eral mathcmalic.-il physics ) 
This ef]iiation connects a spread ing-m -space with a rate-of- 
chancc in lime VV' woiiM be rero for .tn invcrsr-s<iKare 
field at I, St m space hul here il has a vahie thai looks hkc 
Some acceleration In ihc cleclrom^gnelic case, wc mav trace 
the iTWffr* back to an accelcraUng electron emitting the 
vi'avc 



rope, Another example. A century ago, Maxwell re- 
duced the experimental laws of electromagnetism to 
especially simple forms by boiling them down math- 
ematically. He removed tiie details of shape and 
size of apparatus, etc, much as we remove the shape 
and size of the simple when we calculate the d..> 
sity of a metal from bome weighing and measuring 
Having thus removed the ''boundary conditions/' he 
had electrical laws that are common to all apparatus 
and all circumstances, just as density is common to 
all samples of the same metal His rules were boiled 
down by the calculus-process of differentiation to a 
final form called differential equations You can in- 
spect their form 'vithout understanding their termi- 
nology Suppose that at time t there are fields due to 
electric charges and magnets, whether moving or 
not, an electric field of strength £, a vector with 
components E^, E„ and a magnetic field H with 
components //j,, H,. Then, in open space (air 
or vacuum), the experimental laws known a century 
ago reduce to the relations showTi m Fig, 31-7 
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Fic 31-7 M,j<cvvm/s Eqiatioss * iscoMPLtTT^ 
The constant Kk relates to majjncdc fields It appears 
ir. the expression jfor the force exerted bv a ma^ortic 

field on an electiic current (See the discussion m 
this ch,ipter and in Ch 37 ) There is a correspon^hii^ 
electnc const, nt Kg, which appears m 
Coulomb's Law (See Ch 33) 

I^ok at IV and compare it with HI. The equations 
of IV look incomplete, spoihng the general s)m- 
mvtry ' Maxwell saw the defect and filled it by in- 
vcnlmj; an extra electric current, a spookv one in 
space, quite unthought-of till then, but later ob- 

2 In compIcUnp IV, )on will need to insert a constant Km 
corresponding: to Kn in IM The rninus sii^n is ohnously un- 
necessirv m the pre^mt form nf IV. and when IV i$ com- 
pleter •••II ^pnij t'l'' um.ns-Uv r-Tiewhat. hut the exppn- 
mental facts pro^I ir it ^ >nvrr\ation of »nerKy requires it. 
and without it l}»<.e woul<1 be no radio w.,vej; 



served experimentally How would you change IV 
to match III if told that part of the .dgebra had been 
left out because it was then unknown? Try tlus. 

The addition was neither a lucky guess nor a 
mysterious inspiration. To Maxwell, fully aware of 
the state of developing knowledge, it seemed com- 
pulsory, a necessary extension of symmetry'— that is 
the difference betvseen the scientific advance of the 
disciphned, educated expert and the free mvention 
of the enthusiastic amateur 

Having made his addition, fantastic at the time. 
Maxwell could pour the whole bunch of equations 
into the mathematical sausage-machine and grind 
out a surprising equation which had a familiar look, 
the same trademark of wave-motion tl.at appears for 
a hump on a rope. That new equation suggested 
strongly that chaiiges of electric and magnetic fields 
would travel out as waves with speed v = 1/\/K^Kk 
Here is a constant involved m the magnetic 
effects of moving charges, and Kz is the correspond- 
ing electrostatic constant inserted by Maxwell in his 
improvement,' (Ke is involved in the inverse-square 
force between electric charges.) 

An informal fanciful derivation is sketched near 
the end of Chapter 37, 

To Maxwell's c'elight and the wonder of his con- 
temporaries, the calculated v agreed with the speed 
of light, which was already Vnown to consist of 
waves of some sort This suggested that hght might 
be one form of Maxwell's predicted electromagnetic 
waves. 

It uas many years before Maxwell's prediction 
was verified directly by generating electromagnetic 
waves with electric currents As a brilhant intuitive 
guess, a piece of spthetic theory. Maxwell's work 
was one of the great developments of phvsics— its 
progeny, new guesses along equally fearless lines 
are making the physics of today. 

One of the great contributions of mathematics to 
physics IS Relativity, which is both mathematics and 
physics: you need good knowledge of both mathe- 
matics and physics to understand it We shall give 
an account of Einstein's "Special Relativity" and 
then return to comments on mathematics as a 
language, 

* In this course we use different s>'TnboIs Sec Ch 33 
and Gi 37 We wTite the force between rlectric charges 
F = Bfpi Qt)!d* Comparison w,th Maxwells form shows 
our B is the same as 1 Kt A^aui, wr write the force between 
two short pieces of ctirrent-carrvinij w ire, due to magnetic, 
field effects, r = B' (C, />-) (C: L,)/(P. and o ur B' i s the 
same as Kn Then Ma^iwell s prc<!Ktion. v - I \ Kt Kh . he- 
comes, in our tcrminol«inv, u — l/\ il/B) (IV) = \'b7B' 
So. if you measure B and B' \oii ean predict the speed of 
clectrom,! emetic wa\« The ,irithmet3c is eau Trv it and com- 
pare tho Tfwh with tlio me,isured spml of h^tht. 30 X 10* 
nioters'sfc ( B z= 9 j)0 X 10« and B' = 10 m our units) 



RELATIVITY 

The theory of Kelativily, which has modified our 
mechanics and clarified scientific thinking, arose 
from d simple question "How jast are ue moving 
through space?" Attempts to answer thai by experi- 
ment led to a confhct that forced scientists to think 
out their svstem of knowledge a^'esh. Out of that 
reappraisal came Relativity, a brilhant apphcation 
of mathematics and philosophy to our treatment of 
Space, time, and motion. Since Relativity ts a piece 
of mathematics, popular accounts that try to explain 
it without mathematics are almost certain to fail. 
To understand Relativity you should either follow 
its algebra through in standard texts, or. as here, 
examine the origins and final results, taking the 
mathematical macliine-work on trust 

What can we find out about space^ Where is its 
fixed framework and how fast are we moving 
through it^ Nowadays we find the Copernican view 
comfortable, and picture the spinning Earth moving 
around the Sun with an orbital speed of about 70,000 
miles/hour The whole Solar system is movnng to- 
wards the constellation Hercules at some 100,000 
miles/hour, wh.ie our whole galaxy, , 

We must be careermg along a huge epicycloid 
through space without knowing it Without know- 
ing it, because, as Gahleo pointed out, the mechan- 
ics of motion — projectiles, collisions, . , etc — is 
the same in a steadily moving laborator)* as in a 
stationary one * Galileo quoted thought-experiments 
of men walking across the cabin of a sailing ship 
or dropping stones from the top of its mast. We il- 
lustrated this "Galilean relativnlv" in Chapter 2 bv 
thoui;ht-experimerits la moving trams Suppose one 
tram is passing another at constant velocity without 
bumps, and u\ a fog that conceals the countryside 
Can the pa'^"'"i:<iers really say which is moving^ Can 
mechanical txperments in either train telJ them^ 
They can onlv obscrvo their relative motion In fact, 
we developed tl ' rules of vectors and laws of mo- 
tion m earthly labs that are movinj^, yet those state- 
ments show no eftect of that motion 

We give the name inertial fraipe to anv frame of 
ri ic'ence or laboratory in which Now ton's Laws 

* Thoiij^h the Earth's vclocilv chan^rs around »s orhit. 
think of il as slc.»<!y enough dunnq anv short cxpci.rncnt In 
fact, the .sttadincss i$ perfect. t>ftansr any changes »n the 
Earth's \elocitv exactly compensate the effect of the S»in\ 
qravilalion field that "causes" those changes We see n,"» 
effect on the Earth as a whole, at its center, hut we do see 
differential effects on outlying parts — solar tides Tlie Eartl/s 
rotatum (iocs profloce effects that can l>e seen and meas\ired 
— Foiicault's pendulum changes its hne of swing, g shows 
diffefnccs between equator and poles, ftc — hut wc can 
make allowances for these where they matter 



seem to describe nature truly obje^'ts left alone 
without force pursue straight hues with constant 
speed, or stay at rest, forces produce proportional 
accelerations Wc find that any frame moving at 
constant velocity relative to an inertial frame is also 
an merlial frame — Newton's Laws hold there too. 
In all the following discussion that concern. Gah- 
lean relativity and Einstein's special Relativitv, we 
assume that every laboratory we discuss is an tn- 
ertuil frame — as a laborator)' at rest on Earth is, to 
a close approximation * In our later discussion of 
General Ro'ttivity, we consider other laboratory 
frames, such as those which accelerate. 

We are not supphed by nature with an obvious 
inertial frame The spinning Earth is not a perfect 
inertial frame (because its spin imposes central ac- 
celerations), hut if we could ever find one perfect 
one then our relativity view of nature assures us we 
could find any number of other inertial frames. 
Every frame moving with constant velocity relative 
to our first inertial frame proves to be an equally 
good inertial frame — Newton's laws of motion, 
which apply by defimtton in the original frame, 
apply in all the others When we do experiments on 
force and motion and find that Newton's Laws seem 
to hold, we are, from the point of view of Relativity, 
simply showing that our earthly lab does provide 
a practically perfect inertial frame Any expenments 
that demonstrate the Earth's rotation could be taken 
instead as showmg the imperfection of our choice of 
frame. However, by saying "the Earth is rotating" 
and blainmt; that, we are able to imagine a perfect 
frame, m which N'ewlon's Laws would hold exactly 

We incorporate Galilean Relativity in our formu- 
las When we write, s = v^t %at^ for a rocket ac- 
celerating horizontally we are saving. 'Start the 
rocket with v„ and its effect will persist as a plain 
addition, i; f. to the distance travelled " 
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1 his can be reu orded: '^^n experimenter e, starts a 
rocket from rest and observes the motion s = ]vit^. 
Then another experimenter, e', running away with 
speed t;^ will measure distances-travelled given by 
a' — 13, f ^hal-. He will include t/.f due to his own 
mot. on " 

We ,:r" saving that the effects oi steady motion 



and accelerated motion do not disturb each other, 
they just add 

€ and e' have the following statements for the 
distance the rocket travels in time t 



EXPERIMENTER € 



EXPERIMENTER t 



Both statements say that the rocket travels with 
constant acceleration.' 

Both statements say the rocket is at distance zero 
(the ori;|ni) at f = 0 

The first statement says € sees the rocket start 
from rest When the the clock starts at f = 0 the 
rocket has no velocity relative to him At that instant, 
the rocket is moving with his motion, if any— so he 
sees It at rest— and he releases it to accelerate. 

The difference between the two statement> says 
the relaMve velocity between € and c' is u^. There 
is nc information about absok^te motion € may be 
at rp^t. in which case c' is running backward with 
speed V, Or e' may be at rest, and € running for- 
ward Uo (releasing ;he rocket as he runs, at t = 0) 
Or both € and €' may be carried along in a moWng 
train witl temfic speed V, still with € moving ahead 
\vith speed relative to e'. In eve^ case, is the 
relative velocity between the observers, and nothing 
in the analysis of their measurements can tell us 
(or them) who is Vallv" moving 



'^^^'iniinnnn/on/in///} //////// 



(5; 




'The first slatrmcnl MniplT brcaiK<> if Monj;< to the 
obsrrvcr uho rrlra^r^ thr rocl^rt from rest rchlivr to him at 
the instant the clock starts, ? = 0 
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Addmg v^t only shifts the graph of s vs t It does 
not affect estimates of acceleration, force, etc Then, 
to the question, "How fast are we moving through 
spacer simple mechanics replies, "No experiments 
u ith weights, springs, forces, . . , can reveal our ve- 
loatij Accelerations could make themselves known, 
but uniform velocity would be unfelt" We could 
only measure our relative tc?onfi/— relative to some 
other object or material framework 




SAME LAW5 
AUCHANICS 
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Observers m two laboratories, one movinj; with *^onstant 
velocity V relative to the other, will find the 
same mcchcntcal laws 

Yet we are sull talking as if there is an absolute 
motion, past absolute landmarks m space, however 
hard U find Bef'^re exploring that hope into greater 
disappf;ntments, we shall codify rules of relative 
motio' i:i simple algebraic form 



Caltlean Transformation for Coordinates 

We can put the comparison between two such 
observers in a simple, general way. Suppose an ob- 
server £ records an e\cnt in his laboratorv Another 
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Observer ready to observe an event at time f and 
place X, y, z 

observer, e', flies through the laboratory with con- 
stant velocity and records the same event as he goes 
As senSiole scientists, e and e' manufacture identical 
clocks and meter -sticks to measure with Each car- 
ries a set of x-y-z-SLXes with him For convenience, 
they start their clocks (f ~ 0 and f — 0) at the 
instant they are together At that instant their co- 
ordinate origins and axes coincide. Suppose e re- 
cords the event as happening at time t and place 
(x, y, z) referred to his axes-at-rest-with-him.' The 
same event is rccordod h\ ohsmcr £' using his in- 
struments as occurring at t' and {x\ tj, z') referred 
to the axos-he-carries-with-him How uill the two 
records compare^ Common sense tells us that time 
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Another ot#ser\er, monng at constant \elocity v 
relati\c to the f ;st, aho niiVes obser\ations 

IS the same for both, so f' = f Suppose the relatur 
velocity between the two ob:>er\'crs is v meters sec 



• For CJtamplc he fires a bullet along OX from ihc orij;in 
at f = 0 with speed 1000 m /sn Then the event of the 
bullet reaching a target 3 meters away nu^hl He recorchd 
as I = 3 meters, y = 0. r r= 0. f - 0 003 sf ^ 



along OX. Measurements of y and ; are the same 
for both y' — y and z' — z But since £' and his 
coor^imate framework travel ahead of £ by vt meters 
in f seconds, all hi:* x'-measurements will be vt 
shorter So every must = x — vt. Therefore 

x' — \ — It y' ~ y z' = z f -- 1 
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For measurements along direction of "-elatuc motion c, 
the second ohser\er measures x\ the first measures x 
Thon it seems oh\ious that i' = i — vt 

These relations, which connect the records made by 
e' and e, are called the Galtlean Transformation. 

The reverse transformation, connecting the rec- 
ords of e and £', is- 

x — x'-^-vt y~y' z — z' t = r 

These two transformations treat the two observers 
impartially, merely indicating their relative velocity, 
-f u for £' — e and — o for e — e'. They eontaii our 
common-sense knowledge of space and time, wntten 
in algebra 

Velocity of Mating Object 

If e sees an object moving forward along the x 
direction, he measures its velocity, u, by Ax/Af. 
Then e' sees that object movmg with \elocitv u' 
given by lus At'/Af" Simple algebra, using the 
Gahlean Transformation, shows that — u — v 
(To obtain this relation for motion with constant 
velocit)', just divide x' = x — if by f ) For example 
suppose e stands bt-side a railroad and sees an 
express tram movmg with u — "0 miles/hour An- 
other obser\'er, e', rides a freight train moving 30 
miles hour m the same direction Then e' sees the 
express movmg wiln 

— t) — 70 — 30 =: 40 miles/hour, 

(If £' is moving the opposite uav, as m a head-on 
collision, t) = 30 miles /hour, and £' sees the ox- 
press approaching with spoed 

li' - 70 - f --30) 100 mdcs^iour ) 




Fic 3M3 

Eath expcnnit-ntLT caitulatt'> the veloatv of a iiKuing 
"t))«ct from his ol>st'r\ations of time uLcn and 
distaiKf tra\elled 
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Stationary e\pf..nenter z observes the velocities shown 
and calculates the relative velocity that nio\int; 
experimenter e' should oljscrve 

This IS the 'common sense" way of adding and 
Subtracting velocities. It seems necessanly true, and 
we have taken it for granted m earlier chapters Yet 
we shall find u e must modify it for very high speeds. 

? Absolute ^fotwn^ 

If we discover our laboratory is m a mo\iiig tram, 
we can add the train's velocity and refer our experi- 
ments to the sobd ground Finding the Earth mov- 
ing, we can shift our "fixed" axes of space to the Sun, 
then to a star, then to the center of gravity of all 
the stars If these changes do not affect our' knowl- 
edge of mechanics, do they really matter^ Is it 
honest to worry about findmg an absolutely fixed 
framework^ Curiosity makes us reply, "Yes' If we 
are moving through space it would be interesting 
to know how fast." Though mechanical experiments 
cannot tell ns, could we not find out by electrical 
experiments? Electromagnetism is summed up in 
Maxwells equations, for a stationarv observer Ask 



what a ttwvmg observer should find, by changmg 
3f to x', etc, with the Galilean Transformation, then 
Maxwell's equations txike on a different, 'nore com- 
pbcated, form. An experinienler who trusted that 
transformation could decide which is really moving, 
himself or his apparatus, absolute motion would be 
revealed by the changed form of electrical laws. 
An easy way to look for such changes would 
be to use the travelbng electric and magnetic fields 
of bght waves — the electromagnetic waves pre- 
dicted by Maxwell's equations. We might find our 
velocity through space by timing flashes of bght. 
Seventy-five years ago such expenments were being 
tried When the experiments yielded an unexpected 
result— failure to show any effect of motion— there 
were many attempts to produce an explanation. 
Fitzgerald in England suggested that whenever any 
piece of matter is set m motion through space it 
must contract, along the direction of motion, bv a 
fraction that depended only on its speed With the 
fracbon properly chosen, the contraction of the 
apparatus used for timing bght signals would pre- 
vent their reveahng motion through space. This 
strange contraction, which would make even meas- 
uring rods such as meter-sticks shrink bke every- 
thing else when in motion, was too surprising to be 
welcome, and it came with no suggestion of mecha- 
nism to produce it. Then the Dutch physicist Lo- 
rentz (also Larmor in England) worked out a suc- 
cessful electrical 'explanation/' 

The Lorentz Transformatton 

Lorentz had been construcbng an electrical theory 
of matter, with atoms containing small electric 
charges that could move and emit hght waves The 
experimental discovery of electron streams, soon 
after, had su^.ported his speculation;, so it was 
natural for Lorentz to try to explain the unex- 
pected result with his electrical theory He found 
that if Maxwell's equations are not to be changed m 
form by the motion of electrons and atoms of mov- 
ing app.iratus. then lengths along the motion must 
shrink, m changing from x t^ x', by the modifying 
factor' 

1 



-( 



SPFFD OF OBSEnvTR \ ' 
SPKED OF MCHT / 



Pie sho'ved thai this shrinkage (the same as Fitz- 
gerald's) of the apparatus would just conceal any 
motion through absolute space and thus explain the 
experimental result But he also ^a\c a reason for 
the change he showed how electrical forces— m the 



new form he took for Maws ells equations— would 
compel the shri'ikage to take place 

It was uncomfortable to have to picture matter in 
motion as invisiblv shrunk — invisibly, because 
should shrink too— but that was no worse than the 
previous discomfort that ph)sicists with a sense of 
matiiematical form got from the uncouth effect of 
the Galilean Transformation on Maxwell's equa- 
tions, Lorentz's modifying factor has to be applied 
to a as well as i', and a strange extra term must be 
added to t' \nd then Maxwell's equations inamtaiu 
their same simple symmetrical form for all observ- 
ers moving with an\ constant velocitv You will see 
this "Lorentz Tiansformation" put to use m Rela- 
tivity, but fir^t see how the great experiments were 
made with 1 ght signals 

Measimng Our Speed through "Space"? 

A century ago, it was clear that light consists of 
waves, which travel with very high speed througli 
glass, water, air, even "empty space" between the 
stars and us Scientists imagined space filled with 
"ether"' to carry hght waves, much as air carries 
sound waves Nowadays we think of hght (and all 
other radio waves) as a travelling pattern of electric 
and magnetic fields and we need no "ether"; but be- 
fore we reached that simple view a tremendous 
contradiction was discovered 

Expcrnnents with bght to find how fast y^e are 
moving through the "ether" gave a surprising result: 
"no comment " These attempts contrast with suc- 
cessful measurements with sound waves and air, 

Sound travels as a wave m air A truinpet-toot is 
handed on bv air molecules at a definite speed 
through the air, the same speed whether tlie trum- 
pet IS moving or not. But a moving observer finds 
his motion added to the motion of sound waves 
When he is running towards the trumpet, the toot 
passes by him faster He can find how fast he is 
moving through air by timing sound signals passing 
him 



A moving observer will notice another effect if 
he IS out to one side, listening with a direction- 
finck-r He vmII meet the sound slanting from a new 



00 jt sec 
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Experimenter running toward*; source of sound finds the 
«;pcofI of <;Onnd 1 1 20 ft v c. in < xc <'ss of normal 
h\ his own <;pfr(l 

" Tli,s fth.r or ,j({nr u.is ii.iriKd dftcr the iinnf<;.d «;uh- 
sf<ifi(( that i,TnV philosoplit rs had pi(tnr<'(! fjllins; all <;pa(.< 
luxfind t}ic .itiii()spiKr( 
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Observer ninning across the hnc-of-tra\tl of sound 
notices a change of apparent direction of source 

direction if he runs Again he can estimate his run- 
mng speed if he knows the speed oi sound 

In either case, his measurements would tell hiin 
lus speed relative to the air. A steady wind blov^'iiig 
would produce the same effects and save him the 
trouble of running. Similar experiments with light 
should reveal oui speed relative to the "ether," 
v^'hich IS our only remaining svmbol of absolute 
space. Such experiments were tried, with far- 
reaching results. 

Aberration of Starlight 

Soon after Newton's death, the astronomer Brad- 
ley discovered a tmy yearly to-and-fro motion of 
all stars that is clearly due to the Earth's motion 
around its orbit. Think of starhght as rain shower- 
ing down (at great speed) from a star overhead. If 
you stfiid in vertical rain holding an umbrella up- 
right, the rain will hit the umbrella top at right 
angles. Drops falling through a central gash will hit 
your head. Now run quite fast To you the rain will 
seem slanting. To catch it squarely you must bit 
the umbrella at the angle shown by the vectors in the 
sketch Then drops falling through the gash will still 
hit your head If you run around in a circular orbit, 
or to-and-fro along a line, you must wag the um- 
brella this way and that to fit your motion Tins is 
what Bradlev found when observing stars precisely 
with a telescope * Stars near the ecliptic seemed to 
slide to-and-fro, their directions swin^ini^ through 
a small angle Stars up near the pole of the ecliptic 

* T}ii<; nherratton is fjiiitc distinct from parallax, the ap- 
partnt nuilion of ntar stars ai',-\inst thr ki;rniind of w- 
motrr st.irs \hfrr,ition makes .i star vm to uw\c iii tlu' 
s.uiu kind (if pift'Tn hnt it apphrs tt) all stars and it i^ 
do7t'ns of tinifs hic;c;('r tlian th< parallax of r\rn th< ntarest 
stars ( \lso a stars ali< rratum. uhuh Un» s vsith th. I trtti s 
tcivUy. IS thr<t months out of pliasi uitli its paralKu f 
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Fig 31-17 "Aberration" of Rais' 



move m small circles m the course of a year. The 
telescope followmg the star is like the Ulting um- 
brella. In SIX months, the Earth's velocity around 
the Sun changes from one direction to the reverse, 
so the telescope Ult must be reversed m that time. 
From the tiny measured change in 6 months, Brad- 
ley estimated the speed of bght. It agreed with the 
only other estimate then available— based on the 
varying delays of seeing eclipses of Jupiter's moons, 
at varving distances across the Earth's orbit' 
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H you stand still but a steady wind carries the air 
past you, you should still tilt the umbrella 

To catch ram drops fair and square, you must 
tilt your umbrella if you are running or if there 
IS a steady wind, but not if you are running and 
there is also a wind carrying the air and raindrons 
along wxth you—if you just stand in a shower inside 
a closed railroad coach speeding along, you do not 
tilt the umbrella Therefore, Bradley*s successful 
measurement of aberration showed that as the Earth 
runs around its orbtt it ts moving through the "ether" 
in changing directions, moving through space if you 
bke, nearly 20 miles/sec. 

An overall motion of the solar system towards 
some group of stars would remain concealed, since 
that would give a perm anent slant to star directions, 

» It was another centt.ry before terrestrial experimenTs 
succeeded ^ 
(''- 1600) Galileo recorded an attempt with e\periin enters 
signallipg by lantern flashes between two moun- 
tain tops ei sent a flash to £, who immediately 
rt turned a flash to e, At first e, was cimnsy and 
they obtained a medium speed for light. As they 
improved with Dractice, the estimated speed 
grew greater and greater, towards "infinity"— 
light travels too fast to clock by hand 
1700)- Newton knew only Roomer's estimate from Jupi- 
ter's moons 

(1849)' Fizeau succeeded, by usmg a distant mirror to 
return the hght and a spinning toothed wheel as 
a chopper to make the flashes and catch them 
one tooth later on their return His result con. 
firmed tlie astronomical estimate His and all 
later terrestrial methods use Some form of 
chopper— as m some methods for the speeds of 
bullets, and electrons 

'P'^^'^ ^'g^^ 300,000,000 meters/sec or 
loo,000 miles/ sec. 





EARTH \' 'V 



' Starlight i 

i ! i . 1 




Fic. 31-19 Aberration of Stabucut 

whereas Bradley measured change* of slant from 
one season to another. 

The Michekon-Morley Experiment 

Then, seventy -five years ago, new experiments 
were devised to look for our absolute motion in 
space. One of the most famous and decisive was 
devised and carried out by A. A Michelson and 
E. W. Morley in Cleveland; this was one of the first 
great scientific achievements in modem physics in 
the New Vv'crld. In their experiment, two flashes of 
light travelling m different directions were made to 
pace each other. There was no longer a moving 
observer and fixed source, as with Bradley and a 
star. Both source and observer were carried in a 
laboratory, but the experimenters looked for motion 
of the intervening ether that carried the light waves. 





Fic 31-20, The Michelsov-Mohley Expewmevt 

A semi-transparent mirror spht the hght into two 
Ldams» one travelhng, say,, North-South and the 
other East-West. The two beams were returned 
along their paths by mirrors and rejoined to form an 
interference pattern. The slightest change m trip- 
time for one beam compared with the other would 
shift the pattern. Now suppose at some season the 
whole apparatus is moving upward in space: an 
outside observer would see the light beams tilted up 
or down by the "ether -wind" the same tilt for both 
routes. At another season, suppose the whole Earth 
is moving due North horizontally in space, then the 
N-S light beam wou'J take longer for its round trip 
than the E-W one. Yo i will find the experiments 
described in standard texts, with the algebra to 
show that if the whole laboratory is sweeping 
through the ether, light must take longer on the 
trip along the stream and back than on the trip 
across and back. 

You can see that this is so in the follou-ing ex- 
ample. Instead of light, consider a bird flying across 
a cage and back, when the cage is moving relative 




Fig 31-21 Giant Bihdcace in Wind 



Vn. 31-22 

Bird fljcs cither agjinst the wind and back 
or acoss the umd and back across the wind 

to tlie air. Either (a) drag the cage steadilv alone 
through slil! air, or (b) keep the cage still and have 
an equal wind blow through it the opposite wav. 
\Ve sliall give the wind version, but you can rc-tjjl 
the story for a moving cage, with the same results 
Suppose the bird has air-speed 5 ft/sec, the cage is 
40 ft square, and the wind blows through at 3 ft sec. 
To fly across-sf ream from side to side and back takes 




Fig 31-23 

Cagr rnovinE: 3 ft/sec through st.ll a.r has same effect 
on birds flight as wmd blouJn^ 3 ft/src through 
stationary cage. 



the bird 10 sec ^ 10 sec/ or :0 m-c for the round 
trip To fly from end to t-iid. upstream and })ack. takt-s 
'^Oft -lOft 
l5"3)ft sec (5-|-3)ft sec 
or 20 sec -f 5 sec, a much longer time Put a bir<l 
in a cage like this and compare his roun<l trip times 
K-W and .\-S, and \ou will be able to teil how fast 
the cage is moving through the air. or ust- twin })irds 
an<i compare thnr returns TvMSt the cag.> to dif- 
ferent orientations, and returns of the twins will 
tell you which wav the cage is travelling through 
air and how fast. A similar experiment with s<)un<l 
waves in an open laboratorv moving through air 
would tell us the laboratory's velocity. I,et a trum- 
peter stan<l in one corner and give a toot The ar- 
rivals of returning echoes uill reveal general Uiotion 
of lab or wind (Of course, if the moving la!)Oratory 

flv'T'^O fr^""".''""'' S""'"^'''^-^' »'"»1^»'^C The bird must 
lly a 50-ft h>-potenuse to cross tht- 4{)-ft cage Nshile Uie 
un,d eames hnn 30 ft do^^n^trealn Ue sitnph a.Um 
ft -r 8 se,. uhuh IS iiicorrtrt is r\cn >borter 



BirA ftuS 



/ 

/ 



... ^ 



Air 'n:>t>>*n fxA^iLfs 



j ^^'S-l Dltails Of Fi iGiirs 
liird Hks 5 ft/soc Steady wind 3 ft/sec 



U you are still not <on\ meed and fu") sure the trips ud 
and downstream should avciaee out. try a tho„ght-e pen- 
n cnt wi h the u.nd blou. .g ^t.r. say 6 ft/s.c 7^ the 
be mfinitel"'''' ' '"^ "i"^'^-*'"-^^^^^ time x^ould 



'»1 T .,t.,-, 



IS closed and carries its air with it, tlie echoes Will 
show no motion.) 

The corresponding test with hght-signals is diffi- 
cult, but the interference pattcni affords a very dch- 
cate test of trip-timing When it was tried by Michol- 
son and \Iorley, and repeated by Miller, it gave a 
surprising answer so motion' through the "ether," 
It was repeated m different orientations, at different 
seasons always the same answer, so motion If 
you are a good scientist you will at once ask, "How 
big were the enor-boxes? How sensitive was the 
evperiment?" The answer. *'It \.ould have shown 
reliably of the Earth's orbital speed around the 
Sun. and m later'^ work, Ho Yet aberration shows 
us moving through the "ether" with '9io of that 
speed Still more experiments added their testimony, 
some optical, some electrical Again and again, the 
same *'null result." Here then was a confusing con- 
tradiction 



formation, electrical experiments would show rela- 
tive velocity (as they do), but would never revea! 
uniform absolute motion. But then the Lorentz 
Transformation made mechanics suffer, it twisted 
F= A/a and 5 = -f- Maof* into unfamiliar forms 
that contradicted Gableo's common-sense relativit** 
and Newton's simple law of motion. 

Some modifications of the Michelson-Morley ex- 
periment rule out the Fitzgerald contraction as a 
suflBcient "explanation." For example, Kennedy and 
Thomdike repeated it with unequal lengths for the 
two perpendicular trips. Their null result requires 
the J^rentz change of time-scale as well as the 
shrinkage of length. 

Pour these pieces of information into a good logic 
machine The machine puts out a clear, strong con- 
elusion. "Inconsiitent." Here is a very disturbing 
result Before studying Einstein's solution of the 
problem it posed, consider a useful fable 



"Ahkhjution'** 
OF Si.-.xiicirr 

Ij'^ht from star 
to telescope 

showed change 
of IM ;r. 6 
iTK^nths 



% \MTM, MO\ ISC is 
OKIUf Ahors'l) SI'S, 
IS M()V>s<. hRhtLY 
TlinOlOll "fTUhR** 



Mkhli,so.s\ Mohle^, Mulleb 

ExPEHlMtr.VTS 

Light Signals compared for 
perpendicular round trips 
pattern showed no change 
wiicn apparaM;s v.v.s rotated 
or as seasons chanced 



FART II IS S(>T MOVlsG 
TMROUCll "eTHEI'", Of 
FAXTli IS CAR!»^ tSC 
mihB V iTtr r 



CONTRADICTION 

Growing electrical theoi) added ^onfusion, be- 
cause Maxwell's equations seemed to refer to 
currents and fields in an absolute, fixed, space 
(= ether). Unbke Newton's Laws of Motion, they 
are changed by the Cahlean Transformation to a 
different form m a moving laboratory. However, 
the modified transfcrmation devised by Lorentz 
kept the form of Maxwell's evjuations the same for 
moving observers. This seemed to fit the facts— in 
"magnets and coils expenments* (Experiment C m 
Ch. 41 ), wp get the same effects whether the magnet 
moves or the coil does. With the Lorentz Trans- 

"Tl)e latest test Clow-nes, 1058) made by tuning m>cro- 
waves >n a rfsoiunt cu\»ty. gave a null result when it woi:l(} 
have shown a velocity as small as 1/1(XX) of the Earth's 
orbital jpced. 



A Ftiblc 

[This IS an annoying, untrue, fable to warn you 
of the difficulty of accepting Relativitv Counting 
items is an absolute process that no change of view- 
point can alter, so this fable is very distressing to 
good inaihcmat«.ai piiysieisrs with a ilrofig sense of 
naturt^take it with a gram of tranquilizer You will 
find, however, that what it alleges so impossiblv for 
adding up balls does occur in relativistic adding of 
velocities ] 

I ask you to watch a magic trick. I take a black 
cloth bag and convince you it is empty, I then put 
into It 2 white balls. You count them as they go 
m — one, two- ar.d then two more— three, four. 
Now I take out 5 white balls, and the bag is ei.ipty. 




Fig 31-2fi 



Pour this record into the logic machine atid it will 
say, "Inconsistent" What is your solution here? 
First, "It's an illusion " It is not. You are allowed 
to repeat the game yourself. (Miller repeated the 
Michelson-Morley experiment with grc-t precision ) 
Next, "I^et me re-examine the bag fox concealed 
pockets." There are none. Now let us re-state the 
record. The bag is simple, the balls are solid, the 
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liNfORMATION 



AsNLiMrnOfNjN 



/ LOGIC 



INSTRUCTIONS \^ 

•w... - -3- MACHINE 




'INCONSISTENT" 



V find iti 



Kic CI -2: 



tally 1^ true 2 -f- 2 go m and 5 cx)ine out What 
tan yoii say now? If you cannot rchiU tried anj 
true obitTvatioiii. y:ni must lmIIilt give up science— 
and j^o cra/\— or attack the rules of logic, :nolud- 
ing the basic rules of aritlnnetic Short of neurotic 
lunacw yoi wouhi have to say, "hi some cases, 
242 do not make 4 " Rather tlian take rieuroUc 
refugf HI a tatch-phiase such as "It all adds up to 
anyth:ni»." nou iin^ht set yourself to cataloguing 
e\ents m which 2 and 2 make adding beans 

on a table, (oujs m a purse, ami cataloguing events 
for whuh 2 -t - "i.tke somethmg else 

"llii. arc cases v'h<Te 2 -| 2 do not nuke -1 Wttoiy 
"i"^!.^,'"*'^ '"^^^'^'"K Ixt^^t.n 0 und i Two cnurts of 

a.cohol H two quarts of ujtrr mix t > tnAr Jess tJun 4 quarts 
In I ir croujt ^k,.tch.-<l. all th, r.-s.sto.s. H. jr. uJrntu ji h,it 
the heaJinK iffttts do not M m> 'Iwo oorrcntx .u.h <h-liv- 
crinp 2 j<. h-^ sfc ndd to one d.hvcrinp 8 joulrs stt 




lu. 2127 



In studying Viture, scitntisJs ha\c Ikxt, seeking and 
sclectiuo (juantities that do add sunply, su-h as misws of 
hqujvjs rather tlun volumes, co.jper-platiicg by currents rather 
than heitiig Ilje essence of the "exceptions" is tli.«t they are 
cases where the itenjs to W added vUcract, they do not M$t 
act independent' $0 that tlieir effects uo i»e siii>erj)<)sed ' 



In this fable, you have three explanations to 
choose from 

(a) "I* s witchcraft" That way maduess hos 
^b) "There is a special invisible ineehanisin" 

hardly any better— it turns science into a horde 

of demons 

(c) "The rules of arithmetic must be modified." 

However unpleasant (c) looks, you had better 
try It— desperate measures for desperate cases 
Thmk carefully wliat you would do, in this phght. 

You are not faced with that arithmetical paradox 
m real hfo, but now turn again to motion through 
space Ruling out mistaken experimenting, there 
were similar choieex blame witchcraft, invent spe- 
cial mechanisms, or niodify the physical rules of 
motion. At fiI^^, scientists nvented mechanisms, 
such as elcc^ons that squa'h mto elhpsoids when 
moving, but even these ..-d to more troubles 
Poincwe and others prepa/ed to change the rules for 
measuring time and space Then EniLtem made 
two bnlhant suggestions: an honest vtetvjmut, and 
a single hypoihcsts, in his Theorv of Rc ativity. 

The Relativitv i^eu point is this, scientific tlunk- 
ing should be built of tlungs tlut can be observed 
in real experunents, details and pictures that cannot 
be observed must not l>e seated as real questio.jf 
about sucn details are not only unanswerable^ they 
-u-c improper and n<>scienUfic. On this view, fixed 
space (and the "ether" thought to fill it) must be 



thrown out of our scientific thinking if we become 
convinced that all experiments to detect it or to 
measure motion through it arc doomed to failure. 
This viewpoint merely sa)S, "let's be realistic." on 
a ruthless scale. 

All attempts like the Mich elson-Morley-Mi Her ex- 
periment failed to show any change of bght's speed. 
Aberration measurements did not show bght mo\ing 
with a new speed, but only gave a new direction to 
its apparent velocity, ''o, the Relativity hypothesis 
is this: The mcaswed speed of light (eledromag- 
nettc tv<ives) t/>»*'f be the same, xvhatcx^er the motion 
of observer or source This is quite contrary to com- 



mon sense, we shou'd expect to meet light faster or 
slower by running agamst it or with it. Yet this is 
a clear application of the reabstic \iew{>oint to the 
experimental fact that all experiments with bght 
fail to show the observer's motion or the motion of 
any "ether wind" Pour this In-pothesis into the 
logic machine that pre\ious!y answered, ^ncon• 
sistent", but remove the built-in "geometry rules'* of 
space-&-time and motion, with their Cablean Trans- 
formation \sV instead for the {simplest) new rules 
that will mcke a coiisistent scheme. Howe\er, since 
Newtonian mechanics has stood the t«$t of tinie, 
in mo\ing ships and trains, in the Solar System, etc.. 
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Icm Irans- 
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the nt'vv rnlos must rtniuct to tlu' ( 
innn.ition .il low ^* ' l.iv ! ,i ) . ' 

X t J' V »/ — ; f 

rhf I oi{|Nr/-Ei\s-rM\ Trt^^^FOh^^^Tlo\ runs 

— > ^ V ; ^ r 



1 



iv irviTSc tr.insfnnii.itioi. with 



.m*! thesf t»:r:i tbi- 
T' iN.*' \'*' - ::\ I tli.!!:<;ing to 

where c is the speed of hs^h* in v<ur:tum That speed 
is involved essentia ilv in t;:c new rt:!os of mcasure- 
mrr.t. b.xat;se the new tntnsfomiation uas chosen 
tf» make aii attempts to measure ?hat speed vieM 
•*.e same .j.;,v.cr And ih-j $^^n;ne^r:cal form shous 
that absolute mtit:o:i is never revealed bv experi- 
ment. Wo can measure rolativr motion of one ex- 
jv>rini— t^r pj^t in^>thL*r. but vve can never i,iv \\),:ch 

Of ct>ursf the n-'u transformation accounts fc 
the NIichclson-Morlcv-MdIcr nuil result— it vvas 
cht^.$**n ' ^o so It accounts for aberration. j;re- 
1^ -..r sar c aberration whether the st.ir mov es 
r \vc do But it i.iodif:*>s NVvMonian mechan-c"$ In 
ther \\ ' \ uc have i choice of ^roubles- the old 
traniio'- \ - upsets inc fonr. of electromagnetic 
la^^ s t. -^evv trar.sformation upsets th^ Torm of 
n^r ^:tr>ic.ii laus Over the full ranjje of experiment. 
I J-.'i 'cpceds ^5 A -'i a^ * .^. thr old e!ectronja£;nrtic 
lus seen to re;na:n q.^-vi simple descriptions of na- 
Jure b'jt 0 mechanicai laus do fail, m their clas;:- 
0.: f rrr. it hi^h *pih So wt choose th. nrw 
tr^nsf -^a' n ^nd ♦ -f m-!ifv r,-ehar.ical Uws. 
an- ir- 3 fir.d tha ♦S-'» nK>dified iaus descnbc 

Thii r« rvrll, u} ii.f>chanic.i! cxpe.jments 
in :;:a I' - -rh i; -r ve ! iccaracy. 

Dtt 'if^ 'inv: ^1.' • looks uni;Ieasant* h'*- 
cays- ' mor^ c^vr* . n-J ,:'.,)I:cat]ops .ire 
Vss .sa- r . » is C.tMe.m rebi.Mtv 
New- j! : isvfim* 'hat t*Ti;'^ mass, .md tnr*- .ire 

''I'' .' ^se- rr .I'jd of C IC 'j <^ :<c-r II'* 
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could Jiicri that mechaiiica! experiments \mI! fail 
to reveal !i::iforn: motion through "space When 
Einstein extendtnl the assertion of failure to expen- 
iiicnls vviih hght. he found it ntx^'Ssarv to ha\e 
measurements of length and time, and therefore 
mass, different for obsorvers vMth different motions 
We shall not show tlie steps of the Io<;ic machnic 
gr.nfLng ou^ th • transformation and its ir plications, 
but \ou ma\ Tust them as routme ahjebra •* We 
shall iollow custom and call it the I^rent/ Trans 
formation 

Implicctions of the l.ormtz Transfoniuition 

Take the new modifietl i;^^^mH^\* that uill fit tiie 
expcnmenta! infor:nati<m. and arijue frniu it how 
measureiiieiits bv diffrr«-iit ob>ervers will tomp.re 
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Onr <'Xprr.:..r'.tr: ij wxir, < r.sta.-.t \TlK:t'. rrUttvc 

to the olh-r ThrV irra^cc lo iiur stan'Urd 
mcioniai: iwtrj.iiraSJ i>f j.Irnt^al conjirucljon 

Rctiirn to our t^vo observers e and c', uho op.rratc 
uiih identical meter stieks cWks. and stan<hrd 
kilograms t' and his coordinate frameuork are mov- 
inj; vMth speed t rebtive to t. and t is moving 
backu.ird uith speed t relative to t' The trans- 



'♦v^hcn an r\p<r.:n(»a >a(js t) ''0«tve Newton's 
Lawi I Ami 11 a;r vali'' it < rc;»M\ jujt Irlh^z m '\it \^c are 
KkI\ cn'^ r^h hr irt a laU'ntorv ♦Sift i< ■ pratttcallv) an 
'TtuI franc If we had aU\.a s cxj>rrin>' nt-^j m a tossiai; 
ship, l^c should not hiVc for nn^Jt'^^ th «np » h\\ 

F< r «*'-tAii5, u-f stJnfUr<i tcx.«. Tlirre is a simpir v-crsjon 
in RrL tiittrj .\ f ■; ' Ur Exp^ivi*^ hv A F.instcin /^pub' 
li-h^^i b> Mcth«:en. I^va l n. I3th edn . 1955) 



fornutiori> e c' and c' — » c arc « ompicU'Iv s\Tn- 
motrical. and show on!\ the ro)^ii\c \clocilv t — lUc 
sanu' m both ca>c$ — wjth no indication of absolute 
motion, no Iiint as to which is "rcallv n*o\ins"' 

Tnc ri*>u!ts of arguing from the trans^onnation 
differ slr.in ;cl) from earlier cu>nmon sense but on K 
at exceetJinglv h:uh speetls. An observer fi\in^ past 
a !alx)ratory in a j)lane. or rcxrkel, wouli! app!v 
Caiilean Tran>fonnations 5afelv. He wo aid agree 
•o the oidman* rules of \ectors and motion, the 
Newtonian law^ (jf nuxhanics 
The spcvd of li^h*. c, :s huge 

c = 3OO.0OO,0W meters sec = 1S6.000 miles 'sec 
a bilhon ft sec 700 million miles hour 
^ I ft nonaseccnd, m the latest lermmoIog\-. 

For relatue motion with an\ ordinary velocity t, 
ine fraction i; c is tmy, t= c' itiU smaller. The factor 
\ i — v C' is 1 for all practice' purposes, and 
the time-lag xt c' is negbgible — u wc have the 
Caulean Tra .sformation. 

Now suppose t moves at tremendc as speed rela- 
ti\c to c. Each m his own local lab wiW observe the 
sarre mechanicai laws, and an\ beam ^^t light pass- 
ing through both labs will show the same speed, 
universal c, to each cbserver. But at speeds like 
CD.OOO miles sec. 40.000. 60.000 and up towards the 
speed of hght. experimenter c would see surprising 
things as c' and his lab whizz past, c would sav, 
"The siily fellow c' is using inaccurate apparatus 




Km 31 -jO 

Ea(h rxprrsmmtcr fln<h hv u<mg his own st.inthrd 
instruments, that the othrr cxpcruncntcr >$ using 
incorrect instn:mcnts a sSninl-n mctrr slick, a 
cl<xk that runs ;oo slow I' . and a standard m^ss 
that u too bit; 



M s n:eter stick is shrunken— less than :ri.e 
meter His clock is running slow — taking ntnn U' lii 
one of my truf sixomU for each tick' MeaiiA*; 1- 
e' fi:id> nothmi; ur»i»g i:i his <5un Ia^K>ra:.»r\ ;».»: 
sees e and his Jab moung aua\ backward-, 
sa\s, *The sill\ fellow e l.i> meter v'jA i> 

shrunken . . . clock runnmi; slow " 

Suppo5e c measures and checks the .ipp.ir i;u> 
used b\ c' just .»s tlie\ are passing c £ii.i> tiie me:.*r 
stick that c' holds as standard siL'^nnk to \ i - t - « - 
meter, c finds the standard clock t?u» e' hold^ t > k 
seconds :s ticking longer periods, of 1 \ , - 

second And c finds the 1 kg stancJard mass that c' 
holds IS greater. 1 yVZr^: t-: Vz Thc-se are 
changes that a "stationary" observer sees m a tju'i- 
ino laboratory-; but, cquaily. a moxin^ obser.er 
watching a "stationar)"' lab->ratorv sees the same 
pecu»jaritio. the stationary- meter stick $horl4-r. 
clock running slower, and masses incrrasej. The 
Loren'z Transformations e' — e .ind e — e' are s\m. 
metrical If e' and e compare notes thev will q!;arrcl 
hcj>elessly. since each imputes the same errors 
the othr^r) Along the direction of rebtne motion 
each set*s all the other's ipparattis sh"'nk. cM-n 
electrons- Each see> all the other's clocks runntrj^ 
slowly, e\en the \ibrations of atoms ,Acrosi :he 
motion, in and z-d-rections, e and e' agree In 
this s>-mnetrical "relate ily"* v e sec the same th;:.^ 
in the other fellow's laboratory. vhcthcT he is m.'t- 
mg OTuccTC Only the rcZcficr motion between ms 
and apparatus matters— ue are left wKhout an\ hint 
of b«Mng able to distinguish absolute motion thro»:ch 
space. 

Tne shrinkage-factor and the slowmg-f.K'.^r are 
the sar.ie. 1 \ 1 - t e' This fac;or is practicalK 
1 for all ordmrjy values of e. the relat;xe 
between the two obsen ers Then the transformition 
reduces to Cahlean form where geomr{r> fallows o.:r 
old -common sense." Watch a supersomc plane Hv- 
ing away from you ISOO miles hour ; = S mi'e sec 
For that speed, the factor is 

1 

\ rml^^s^''''^^ * 00000000000} 
y ^ ~ \isr).000miles sec / 

T^ie planes length would seem shrunk, and il . clxk 
tickuig slower, by less than half a billionth f \% 
At 7.000,000 miles hour (nearH- 1 100 of c the 
factor rises to 100005 At 70.000000 miles hour if 
'S I 005. makmg a '-s*? change m length 

Intil this centur\. scientists ne\er •Mprnmeiile ! 
with speeds appro.iching the speed of I'ght— except 
for light Itself, %.here th" difference is paramount 
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F:c 31-31 

Chances or M aFEMtxr IVorcTEo hy PEi^TmT^ 

Nou-adays we h.. e protons hurled out from small 
cyclotroirs at 2/ It of c. making the factor 1.02. 
electrons hitting an X-ray target at 6 10 of making 
the factor 1,2. beta-ra)'$ flung from radioactive 
atoms with 9S 100 of making the factor 5. and 
billion-Colt electrons from giant ac 'gators unth 
.99999988 c, factor 2000. 

Among cosmic rays we find some \ery energetic 
particles, mu-mcsons. some u-ith energv* about 1000 
million electron - volts moving with 199 200 of the 
speed of light. For them 

l/vl^t' c5= 1 y^ry^ i99>T200' = 1 x 10 



Now these mesons are known !o be unstable* with 
hfctime about 2 X 10 • sec (2 microseconds) Yet 
tlic\ are manuf.icturcd by c-olbsions hii;h up in the 
atmosphere and take about 20 :< 10 * stx^r.ds on the 
trip down to us It seemed puzzhng tlut the;* could 
last so long and reach us. Rebtmty removes the 
puzzle: wc arc looking at the flying n'lwon s internal 
hfe-time-clock. To as that is sloued by a factor of 
10. So the flying mesoi 's lifetime should seem to f*.v 
20 X 10* seconds Or. from the meson's own point 
of view. Its lifetime is a normal 2 microsecontls. but 
the thickness of our aimosphere, which nishw past 
it, is foreshortened to 1 10 of our estimate— so it 
can make the shrunk trip in its short lifetime 

Measuring Rods and Clocks 

W e used to think of a measuring rod such as a 
meter stick as an unchanging standard, that could 
be moved about to step off lengths, or ^inted in 
different directions, without any change of length. 
True, this was an idealized meter stick that would 
not warp with mo^ture or expand with some tem- 
perature change, but ue fc!: no less confident of its 
properties. Its length was invariant. So A-as the time 
between the ticks of a good clock. ( If ue distrusted 
pendulum.regulated clocks, wc could look fo^^l'ard 
to completely constant atomic clocks, f .Vow. Rela- 
tivity warns us that measuring reds are not com- 
pletely n^id uith invariant length. The whole idea 
of a rigid body— a hamless and useful ideahzation 
to 19th-centur>- ph\-sicists— now seems misleading. 
And so doei the idea of an absolutely constant 
stre-Ti of time Sowing independently of space. In- 
stead, our measurements are affected by our nio^on» 
and only the speed of light, c, is invariant. A broader 
view treats c as m-rely a constant sca!t;-factor for 
-yur choice of un»» -n a compound space-&-time. 
which different ooservers slice differentlv. 

Changes cf Mass 

if length- and time-measurements change, muis 
must change too We sha** now find out how ma<:» 
must change, when a mo%'ing observer estimates it. 
by following i thought-experiment aiong Imes sjj- 
gesteJ by Tolman. We sliall assume th.-t the con- 
servation of momentum holds true in any (iner»u! 
frame) laboratory whatever its speed iela'ti\e to the 
obser\'er— wc must cling to some of onr working 
rules or we shall land in a confusion of unnecessary 
changes. 

Consider c and £' m their labs, moving with rela- 
tive velocity v m the x-directioii Sun^wse they make 
two platmim blocks, each a standard kilogram, 
that they knoA' are tdentical^they can count the 



c N :i'^c '^e'a^'v t\ 



atoms if necessarv*. Eacl) places a I'kg block at rest 
m his lab on a frictionless tabic Just as they arc 
pa%sing each other e and e' stretch a long bght 
spiral spring bctut en tncir blocks, along the y-direc- 
tion The\ let the s^ning tug for a short ^\u\\c and 
then remove it. leaxing each block with some y- 
momentum Then eacl experimenter measure"' the 
y-velocit) of his block aid calculates its momentum. 




F:c 31 •oX T«-o Oisebvers McASfBivc Masies 
• \ ih', .cht-cxpcrjT.pnt ! j End how mats ccpcntis oi sperd of 
crj«t f put:* c to >hscrt-fr ^ c mvs. I have 1 Ic 
-Ti.»vir.c Acr. mv !ab wT.h vrioisiv 3 nctcrs sec 
. Vr.ou e Ki$ I and 1 $rc lhal he re^->.d< its 
vrlov'rv 3 • ictprs b«r I Icncv c!ccl is 
rirlsn^ sJouU. so thil ihe vrlocu- ri his !uirp 
» /«f lhan T.rlcfS 'JTC Therefore hij himp 
has r» $ *norc tha » 1 Vjj 

They co: )pare notcs, each records 3 meters sec ior 
his block in his own framework. They conclude: 
equal a-^d o|, jsite velocities, eqi al and opposite 
momenta TV are pleased to adopt Nekton's Law 
HI as a v\orka .e ruic Then e. \vaichinc c' at work, 
sees that zf uses a clock »hat runs slowly (but they 
agree on -.ormal meter sticks m the y directions^. So 
€ see^ th. t when c' said he measured 3 meters travf ^ 
m i sec. / was "reailv" 3 ni*»tm m more-tJian-l- 
scroTul as c wu .h\ measure it by his clocK. There- 
fore c computes di.it ,^!'^ ity as smaller than 3 
meters/ scrond hy x'F^ u*~? Still belie* ine m 
Nc'^'Jon in and momentum-conserxation. e ron* 
clud(s ;hat. since hic n block .icq.jired momcntrim 
1 ki: - 3 metrrs sec thp other, which he Cilculates 
s moving <lo\\tT nm<t have greater »;ia^<*' — in- 



'ireased by the factor 1 \ 1 v c * While that 
block IS drifting across the table after the spring's 
tug. € also sees it uhizzmg alon^ in :he x-threction. 
lable and all. with great speed t* Its owner, c'. .it 
rest with the table, calls his block 1 kg But c. \^ho 
sees it whizzing past, estimates its mass as greater, bv 
— t= C'. 

This result applies to all moving masses- mass, as 
we commonly know it, has different values for 
different observers. Post an observer on a moving 
* ody and he will find a standard \aliie, the "rest- 
mass," identical for every electron, the same for 
e\ .ry proton, standard for e\-cry pint of water, etc. 
But an observer moving past the body, or seeing 
it move past him. will find it has greater mass 

THg 

m = — -. Again, the factor i \A — t* • 

VI ~ t*, 

makes practically no difiFerence at ordinarv speeds 
However, in a cyclotron, accelerated ions increase 
their mass significantly. The\ take too long on their 
wider trips, and amve tate unless special measures 
are taken Electrons from billion-volt accelerators 
are so massive that they practically masquerade as 
protons. 

For example, an electron from a 2-million-\olt 
gun emerges -nth speed about 2^.000.000 meters 
sec or 09S c. The factor I \ 1 - ( 9Scl= c= is 

1 \ 1 - f9S ^ 1 X Tl(Xi = 5. To a sta- 
tionary observer the electron ha< 5 times its r'^st- 
mass.* (Another way of puitmg thi^ is. that elec- 
tron's kinetic energ\* is 2 million elect 'on • volts, the 
energy/ associated with an electron's r'st-mass is 
half a million e\*. and therefore this elcct'Oii has 
K.E. that has mass 4 test-masses, and that w.'h the 
origincl rest -mass makes 5 res^masses.) 

Tnis dependence on speed has been tested by 
d'-fiecting very fast electrons (beta-rays) with elec- 
tric and magnetic fields, and the results agree ex- 
cellent K with the prediction. .Another test: in a 
cl-ud chamber a very fast electron hitting a stc- 
tioTUiry electron ("at rest" m some atom of the \vet 
air) liocs not make the expected 90* fork !n the 
photograph of Fig. 3K3-Jc. tiie measured ang'es 

•'Swppojc c 4r.<i t are pisunc r^ch other wiih relative 
velocity lUOOO milrs $rc Then c sees the '.loci used bv 
t njnninc slow. i;ck:ng once ever/ 1 2 seconds So he knows 
the block beior>ptn(; to t Has vefocil> 3 meter*''! 2 jccs or 

2 5 mrters sec Hjs o«ti Mock has momenttirvi 1 kg - 3 m / 
j^c To prev;rve momenhim conservation, h* must say that 
the ot'r^er 'dock has nr. -».neatum 1 2 k^ ' Z5 m So he 
estimates the nuats the ,M.ner bhck as I 2 kc a 201 increase 

• To the nov-ir.^ cJe Jron. -r to a r.e:ga*tx>r fixing along 
bc^.c'c it. jts mass ts the normal rest*mass. and it >s ihe cx- 
pcr.inrn:cr r "birg towarris »l who has 5 times his normal 
iftj Ri.»$< and 1^ V]iiashed to »3 his normal thickness 
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in iVm »',prrM'n„ o! noticeable tncrrr^se of maw at ordinary spc^, TTi,. ^raph is a c<>nv of the 
mi«.gfHph thrre, with cornm^nrs > 



ai^rcc wcW .xith those predicted by Rel.ilivitv for .i 
nur.:n^ mass I27m hitting a 'onary mass m. m 
an elastic colhsjon The traces are' curved be- 
caTisc t} -r^ .^a^ a siron^ in«j,netic field prrpen^ 
dinilar to tlie picture Nf^^asiiremepts of the cur\'a- 
tiirrs i»i\c thf^ P'>',,rjentutn of each electron after 
(^Ih^'-n. and the niomcntiim of the bombarding 



electron before colhsiop Measurements of the 
singles shown m the sketch confirm the proportions 
of these momenta. If non-i^Iativistic mechanics 
(K E = Hmt;', etc ] is used to e^^lciilate the masses, 
assuming an elastic coHisi'on. the projectiles nass 
appears to be abo,»t four tinies the t.>rget particle's 
mas^ Ye' the tracks look like those of an electron- 



Elastic collisions 

iSl 



(a) Colhs'.on of .tipl a-p. 'tivl** w.th s^ationar) atom Fxrn 
\Mth Its hj^;h fr.rri:^. ,»i alpiu'p irt" !<■ from a raf.ioicti^c 
atom has a <p»-rt] th.i: is Ie>s th.r.j 0 1 <r, $o its mass :s not 
not'.ccjbU' lavrt- JSC*! It niakts ihr e\pc<.t«*<J H)^ ii^rK uhrn 
Jt hits a >tat.ontn parti V ( H< ^ its ouii i ia\v ^^•t!l a 
hx(Jro»:tii itor.i as :^ri;tt. it shous its i^rcatcr m.iii 

\\h'*;j a slow ^!f 'rnT- a stitionar. tii* fork 

sho'xs the ttpc<?oi *«) Uh<a a fi^: ^Irctpia h:;< a i^ra- 
t:onar\ one, th» irtL:'r^ ^' t'» ir thr ••v Jus TSUitii 
r mi« 



ELECTRONS COLLIDE 




(c^ C! "tud-ohambrr photograph of vrr\' *a^t circtron couk:- 
mc ^'th a ^;iti(»nar\ oar ' Photograpi. h^ H R CriT*, 

(4* \[t'V^>K^l, 



eltxrtron coliiMOn. .nu! \\c do not expect -Im .oid m 
clil^iSircJlij ior two fifitnihi ^i) wo U\ .i^itimiU'^ 
rclatnidw meclt.iiuci [K E i //i m 



MOMFNTl \i 



TUvn we hiui .» c >nM>tfiU itor\ from tlir i:iai;n< *.v 
fit'Ici .».".(! our iJUM^tiruiuMiti of cur\aturt* wf fiiul 

BttOIlK cot I IMON 

projL-ctilc h.td ni.tsi I2'm spt\\! 0 WO <\ 
Since the track is ihort and .>n!\ Nhghti\ Lur\al, its 
radius cannot be mcasurei! \tT\ preti^eU. so the 
projectile's monientuni. and thenee nia^s i> uncer- 
tain withm about .should Sa\ 
mass = 12 7 771. r_ 6% or niai> - 12 7 m. - OSm 

AVTIB COl ! ISION 

projechle had mass S9 /;! , <;peed 0 9<i>6 r. 

target partiek" had mass 4 3 m speed 0972S c 
where is the standard rest-niass of an electron 
and c is tlie speed of hs;ht Before coMiMon th total 
ma^s was 13 7 m,. uncltidmi; tt.f target . after col- 
bsion it was 13 2 m^. Mass is conser\ed m tins col- 
b*sion~\nth:n the 6^ e\perin:enta! uncertanit\ — 
and so is energv. now meaMired !)\ j7u- 

A Mcanviz for Mas^ Chancre 

There is an easv phvsicai interpretation of the 
change of mass th-^ extra miss is the mass of the 
bodv's kineti" ener^- Tr\' some al^eb' i, \ism^ the 
binomial theorem to express tlie \ ' as a ser;es 
for fairK low .poeds 



Vi- 



t 



[1 ' .— htch^^r powers of i-1 
which are \t'r\ sm.*!! at ' tw \pc*'('s J 

- m, - '2'" I* (' ■ aegliiiibie t< rrn^ .t' low 

speeds 

- RF.ST-MvSS — K J C' * 



Rf ST-MaSS — MASS 01 K . 



\ 

\ 

1 \Irj<in;» mrnt^ i .n^"nl photoi^raph, i'c\ ca^*" th** 
fnh .wine r»fln I ^'''> meter. 2i 0 IO5 m 

.3 00=in 'n \li>:iirti( f^^P .»r. --h was l,i2'>0{X) 
o»ir ti'^i(\ for // in f - 10 ^>r // 'li' us^rfl m Ch >? 



As a bod\'s speed i^rt^vs nearer to the specs'. )!; 
Ii<;ht :t becomes tn( rra^u^lu h.arcier to acr<*ieratt* ^ 
the nias«> sweeps up tow .ids mrrnue pi.ts^ .it the 
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speed of lig'it Experimenters using "bnear accel- 
erators" (which drive electrons straight ahead) 6nd 
that at high energies their victims approach the 
speed of bght but never exceed it. The electrons gain 
more energv at each successive push (and therefore 
more mass) but hardly move any faster (and there- 
fore the accelerating "pushers" can be spaced evenly 
along the stream— <i welcome simpiificabon in de- 
sign). 

Mass growing towards infinit>- at the speed of 
light means imaccelerability growing to infinity. Our 
efforts at making <in object move faster seem to run 
along the level of constant mass, bll it reaches very- 
high speeds, then they cb'mb a steeper and steeper 
mountain towards an insurmountable wall at the 
sppcd of bght itself No wonder Relativity predicts 
that no piece of matte^ ain move faster than light, 
since in attempting to accelerate it to that speed we 
should encounter more and more mass and thereby 
obtain less and less response to our accelerating 
force 

.Adding Velocities, Relativisttcally 

Faster than light? Surely that is possib.,- mount 
a gun on a rocket that travels with speed and 
have the gun fire a bullet forward with muzzle 
velocity ^ The bulk-t s speed should be -f ^Ic 
or l\c. So. that is a Cahlean addition of velocities 
^Ve must find the reldtp-istic rule 



T%vo cxpf rinrntcrs oWnr the $amc moMnt: o});^ct Ijow <io 
thcif cstiimtrs of \rlocity compare^ The Lorrntr 
transfonnalirm In<K to thr rcbtion shou-n, V'wcti u 
« mn«,*c<i h\ £ and u an meaturtd hv £ 

Suppose £ sees an object moving m 'us laboratory 
with velocitv u. along the jc-<hrection What speed 
unll £' measure for tht object^ As meas ired by £. 
M =r Ax Af As measured bv £', u — a/ Af and 
simple algebra leads from tho Lorentz Trai. forma, 
tion to 

(U-V) 



instead of the G^alean u' = (u - v) And the m- 
verse relation runs 

rhe factor m [ ] is practically 1 for all ordinary 
speeds, and then the relations reduce to Galilean 
form. Try that on a bullet fired by 3n ordinary rifle 
inside an ordinary' express tram' e', ridmg in die 
train, sees the rifle fire the bullet with speed u'. 
£, sitting at the side of the track, sees the bullet 
move with speed u. He sees the tram passing him 
with speed t?. Then u = (u' O- [1]. Tlie Gablean 
version fits closely 

SPEED OF BfLLET RELATIVE TO CROl.ND 



SPEED OF Bt LUin- 



SPEED OF TR MN 



RLLATI\E TO TRAIN- ' REl-^TlVL TO CROl ND 



:5r 



IE 



Fic 31-35b Adopsc VfLocrriES at ORniN\n^ Speeds 
Two cxpcnmcntcrs obscr%c the same bullci. shot from a 
gun in a moving tram With such speeds, the Lorcntz 
transformation leads to the simple Gahlean relations 
u' — o — u ai d u u' -f V 

Now return to the gun )n a He rocket firing a ^t: 
bulle. forward £' rides on the rocket and sees the 
bullet emerge with u' = e on the ground sees £' 
and his rocket moving with speed \c, and £ leanis 
from £' how fast the g«:i fired the bullet Then, using 
the relatiMty-formula ahcve, £ predicts the bullet- 
speed that he will obscr\e, thus 



Iric 31-36. ADmsc \elocitifs at Why Mich Spfuw 
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4 <r^?- ,"f 



(a) Experimenter £ on j;round ohs,-rvr< a rocket lunvinjc at \c 
Expcnmtnter £' rulini; on the rocket fires 3 htjllft at ^ c 
rtlatur to the rn< krt What will hr thr spr^d of the 
btilht, as rr.f.^s'irrd b> e on th^^ ^mnntP 
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1 ^ u'v/c' 



1 -f H«c ' \c/c* 



1 4-^ 



— — - = —c, still lust less than c 



SPtKO OF Bl'LlJ^T REI.ATI\nE TO GROUND 



SPFED OF CUN 
J\ELATIVE TO GROUND 



SPEFJ) OF BnXET 
RELATIVE rO CUN 



SPEED OF BULLET SPEED OF GUI, 



1- 



SPEED OF I iCirr SI'FED OF HCHT 



Have another tr> ^> aef eating the bmrt of velocity, 
c. Run two rockets head on at each other, with 
speeds y*c and He e on the ground sees e' ridmg on 




y/ //„ ./ 
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(b) Experimenter e on ground sees two rockets approaching 
each other, one with speed \c, the other with speed 
What speed of approach will experimenter e' nding on 
the first rocket sec' 

one rocket with velocity = \c and the other rocket 
travelhng with m = —He, and he thinks they must 
be approaching each other with relative veiocitv 
Wc €y riding on the first rocket, sees the second 
rocket moving with predicted speed 

, _ u-'O _ (-He) ^{Vkc) 

_ ~\y<c _ 10 

Thtur rale of approach is less than c. Whate-er we 
do, we cannot m^ke a material object move taster 
than bght— as ecn by any observer 

Finally, as a check on our velocity-addition for- 
mula, make sure it does yield the same speed of light 
for objcrvers with different speeds Take a flash of 
light travelhng with speed ti = e, as obscr\'cd by £. 
Observer e' is travelling with speed u relative to e, 
in the same direction, e' observes the flash moving 
with speed 



Every observer measures the same speed c for light 
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Fic J 1-37 

Two expcrinieiiters me?sure the speed of the same sample of 
light Experimenter £ sees that c' >s runnmq with 
velocity V in the direction the hght i£ tra\e'lirg 

(No worder, since the Lorentz Transformation was 
chosen to produce this ) This certainly accounts for 
the Michelson-Morley-Miller null results 

Enerf^tj 

W'c rebuild the Newtonian %iew uf energ) tu fit 
Relativity as follows Define momentum as mv, 
where m is the observed mass of the bod) m motion 
m = "io/\^l — v^/P. Define force, f , as A(mu) St 
Define ch^^ige from potential energy to K E as 
wo«K, F ' As Combine these to calculate the K E 
of a mass m moving with speed We shall give the 
result, omitting the calculus derivation. 

^ _ fp«rt of l^rcul/l 1 

[Transformaljonj j 

fXcwton Law U] 
[Relativity fonnj 



F = 



^ ^ J fDefinitionl 



i 
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K E nic^ — m^c^ 
= (m — mjc^ 

We assign the body a peimanent store of "rest- 
energy" moC'— locked up m its atomic force-fields, 
perhaps We add that to the K E , then the total en- 
ergy, E, of the body is m^c^ [mc^ ^ m^c^ ) = .nc^. 
Therefore total E =z mc^. Tlus appbes whatever its 
speed— but remember that m itself change: with 
speed. At low speeds, vic^ reduces" to 

(rest-energy m,c2) -f (K.E H-mu«) 

For a short, direct denvition of E ^ m^•^ see the 
note at the bottom of the next page 

This view that energy and mass go together ac- 
cording to £ = jTic^ has been given many iuccessfnl 
tests m nuclear physics. Agau. and again we find 
some mass of material particles disappears m a 

''Sec the discussion ahove, viitS tho binomial tlicorem 



nuclear break up, but then ue find a release of 
energ\— radiation ui some cases, K E of fl\ing frag- 
ments in others — and that energy carries the miss- 
ing mass. 

The expression for mass, m = mo \T"^ir^^ 
follows from the Lorenlz Transformation and con- 
servation cf momentum. So £ = mc^ follows from 
Newton's Lawi II and III combined with the Lo- 
rentz Transformation. 

Then if an observer assigns to a moving bodv a 
mass m, momentum mv, and total energy 771c' he 
finds that, m any closed svstem, mass is conserved, 
momentum is conserved (as a \ector sum), and 
energy ts conserved In aii this he must u'jp *-he 
observed mass m, which is m^/y/l — v^ c^ for any 
body moving with speed v relativ*j to him. Then 
he is doubbng up his claim of conse vation because, 
if the sum of all the masses (m, -f -f is 
constant, the total energy (m^c^ -f mjC= -f ) 
must also be constant. If energy is conserved, mass 
must also be conserved. One rule will cover botli. 
That is why sornc scientists say rather carelessly, 
"mass and energy are the same, but for a factor c*" 
In L'lCt, since is universally constant, there is little 
harm in saying that mass and energy are the same 
thing, though commonly measured in different units. 
But there is also little harm if you prefer to think 
of them still with quite different flavors as physical 
concepts. And a very important distinction remains 
between matter and radiation (and other forms of 
energy). Matter comes in particles, whose total 
number remains constant if we ccunt the produc- 
tion or destruction of a [particle -f anti-particle] 



NOTE Dematton of E mc* 

This short denvation, due to Einstein, uses the experi- 
mental kcowledge thi»t when radiation with energy £ joules 
13 absorbed by mattsr, it deliver^ momentum E/c kg-m /sec 
(Expenmer.t shows that PRESStuE of radiatici or. an ahsorh- 
wg wall is ENERGY-- -UNIT- VOLUME of radiation-beam. 
Suppose a beam of are<t A falls on an absorbing surface 
bead-on In time At, a length of beam c • M arrives Then 
MoMENTuvf delivered in At 

FORCE • It — PRESSURE • AREA ' It 

— (E.NERCY/VOLUME) • AREA ' M 

— (e: ^cy/A • c • At) • a • At 
= energy/ c 

'Ihjs also follows from Maxwell's equations) 

t7~-^ i if-/ ■ 

We take two views of the same thought-experiment 



pair as no change Radiation comes in photons, and 
the total number of photons does change when one 
IS emitted or absorbed b\ matter. 

Cc variance 

Finally, Einstein treated momentum as a \ector 
with three components m space-&-time, and kinetic 
ener^ with them as a fourth, time-hke, component 
of a 'pervector" Thus, conservation rules for 
mas uiomentum, and energy can be rolled mto 
one great formula m relativistic mechanics The 
Lorentz Transformation gives this formula the same 
form v.'ith respect tC/ any (steadily moving) set of 
axes whate\er their velocity. We say such a formula 
or relation is "covariant." We pi", great store bv 
covariance covariant laws have the most general 
fonn possible and we feel they are the most perfect 
mathematical statement of natural laws. "We lose 
a frame of reference, but we gam a universally valid 
-\vmboIic form 

"A Wrong Question" 

The physical laws of mechanics and electromag- 
netism are covariant. they give no hope of telhng 
how fast ue move through absolute space Tlus 
brings us back to Einstein's basic principle of being 
realistic. Where the answer is "impossible," the 
question is a foohsh one. We are unscientific to 
imply there is an absolute space, as we do when 
we ask "How fast . . . through space?" We are 
begging the question, inside our own question, by 
menth ning space. We are asking a wrong question, 

Fre(^eric Kffft-r 



(A) Place a Hock of matter at rest on a ! . loiiless table 
Give it some energy £ by firing tuo chunks / radiation at 
It hE from due Fast. from due West Th block absorbs 
the radiation aid gains energy E, but its n^t gam of mo- 
mentum IS zero It stays at rest (B) Now let a running 
V "'"5 ^»th speed t due 

North, but according to Relativity he can equaH> w«ll think 
be IS at rest and see the table, etc moving towr'-u^ him 
with speed V due South Then he sees the bloct mo/ing 
South with momentum \iv He sees the tuo chunks 0; radia- 
tion moving towards the block, each with speed c but in 
directions, slanted southward uith slope v/c (This is like 
the nberratwn of starlight ) In his vicu , each" ciiunk 
has^ momentum {\iiE/c) with a southward component 
{V2Efc){v/c). Thmkmg himself at rest, he sees total soudi- 
ward momentum Mv + 2(^£:/c)(o/c). /^ter the hl'Kk 
has absorbed the radiation, he still sees it moving Scath 
With the same speed i>--Mnce m version (A) we sav that 
the block gaine<l no net momcntunr^ However, ^uie block 
may gam some mass, say m Fmd out how big m is by 
tnistmg conservction of momentum 

Mc + UViE/c){v/c) = {M + m)v 
m = E/c* or £ = mc*, 
where m is the mass gained uhen enescy E 13 gained 



like tlic lawyer who s.us, "Answer me '\os' or no' 
Ha\c \on stopped beating \ oiir wife'-" The answer 
to iluit IS "A re.ison.ihle man does not answer un- 
reasonal)le questions ' \nd Kinsteiii niij^ht siigt^est 
that a reasonal)le s( lentist does not <isk unitMSonahlt 
cjuesti ns 

iiimultanvittj 

The abser\ors e and e' do not mereb ioe eaeli 
other's elocks running i.'()wl\, worse stdl, elocks at 
different distances seem to chsagree SuppOie each 
obser\er posts a series of elocks along the x-dircc- 
tion 111 lus laboratory and sets thein all going to- 
gether And when £ and £' pass each other at the 
on 1^1 n, the\ set their centra! elocks in agreement 
Then each will blame the other, saying- "lits clocks 
are not even sMiehronized He has set Ins (hstant 
clocks wrong by his own central clock — the greater 
the distance, the worse his mistake The farther I 
look down his corridor, along the direction he is 
moving, the more he lias set his clocks there l)ack — 
they read early, behind my proper time \nd look- 
ing back along his corridor, opposite to the direc- 
tion of his motion, I sec his clocks set more and 
more forward, to read later than mv correct tune" 
(That judgment, w'h:ch each makes of the other's 
clocks, IS not the result of forgetting the time-delay 
of seeing a elock that is far awav Each observer 
allows for such delays — or reads one of his own 
elocks that is close beside the other's — and then 
finds the disagreement This disagreement about 
sett:w^' Ot remote clocks belongs with the v.ew that 
each observer takes of clock rntes Kach cla ins that 
all the other's clocks are running too slowK so tliev 
should not be surprised to find that tluir central 
clocks, origmallv s\nchrom/ed at the origin, dis- 
agree after a while Each savs '7/is central clock, 
that Has opposite me, has moved ahead and was 
running too slowly all the while so no wonder its 
h.uuls have not moved around as fast as mv clock,") 

e ol v"r\es I.is own row of clocks ticking simul- 
taneotislv all i.t agreement But z does not find those 
ticks simultaneous Evcnt<; that arc ,ftmutta7irous 
for £ arc 7iot simuUanri>us for e' This is a .serious 
change from our common-sense v'lcvv of univeisal 
time, but it IS a part of the Lorent'/ Transformation 
In fact, the quesMon of simultaneitv plaveci an es- 
sential role in the development of relativitv bv 
Poincare and Einstein Arguing with thought-e\- 
periments that keep "r" constant, vou can show tins 
change is necessary The following example il- 
lustrates tins 

Suppose e and e' have their laboratt^ries ni two 
transparent rai)iv\ad coaches on parallel tracks, one 
moving with speed v relotive lo tiK' ot'.cr, Just 
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sn 'in set 'sec 
BACK t^Jc loncUU) uhnU AHEAD 

Fiv 31-38 "SiMt LTA\K)US" ClOCK *^HT1SCS 

Each t'\pcriinontt'r stts liii oun clocks all i » a<^rtc7Kent 
fallouinq cartfnlK for the time t.iken hw any liijlit 
*.it;nal*; hi tjst'i m looking at th<'m ) F.u h ( xporimontcr 
fnJs that the otlit-r man''; clocks iltsa/rtc arvont^ 
thcmsvhrs, progrcssi\'tK uitli distance (Tut is, after 
lie has allowotl carefnlU for thf tinic takm by the hi^ht 
sii^alb he use m tlieckin^ tlit other man's clotks 
atjainst his own ) Th( sketch shoui a scries of clntkv- 
all fi\o(l m the fr<ni<'work belont;:ni; to e As .idjtistc 1 
and ohst-r\ed In £, tluv all agret tlitv are svi.i-liro- 
nized \s mvtstigattd bv e' those dc/cks {hsatjreo witl. 
each otlitr Tlie lower .sketch shous what e' fin \ hy 
comparing those clotks siimiltaiieonsh (is he, e', 
thinks) with his own clock Th<^ two sketches of clocks 
disagree because each e\peririieiiter thinks he c«im- 
j artj» them all siiniiltaneoiisK but (lis.iurees uitli tlie 
(ith»r man's idea of smiultaneitv 

as the coaches are passing, l and e' lean out of their 
center windows and shake hands They happen to 
be electrically charged, -f 'ind — , so there is a flash 
of hght as they touch. Now consider the light from 
this flash. Some of it travels in each coach starting 
from the mia-point where the experimenter is 
standing £ finds it reaches the front and Innd ends 
of his coach simultaneously And e' finds it reaches 
the ends of Jus coach sinuiltaneouslv, Each con- 
siders he IS in a stationary coach with light trav elling 
out from the center with constant speed c But e 
can also observe the light flash reaching the ends 
of the other coach that carries e' He observes the 
events that e' observes, but he certainly does not 
find them simultaneous, as z' claims By the time 



the flash has travelled a half-length of the t' coach, 
that coach has moved fonvaid past £ As £ sees it, 
the bght travels farther to reach the front end of 
that moving coach, and less to the hind end. So t 
sees the flash hit the hmd end first, while e' claims 
the hits are simultaneous" (Reciprocally, t' sees 
the light reach the ends of the coach carrying t at 
different instants, while t claims they are simul- 
taneous.) You will meet no such confusion in ordi- 
nary hfe, because such disagreements over priority 
arise only when the events are very close in time, 
or very far apart in distance. Where events P and 
Q are closer m time tb?n the travel-time for light 
between them, observers with di.Terent motions may 
take different views: one m.y find P and Q simul- 
taneous, while another finds t* occurs before Q, and 



3E1 



□ 

5iC 




BIRD5 £YE vifW 



riasfi itarts 
ai £ and I'mtet 



C sees jlo'fifui 

cock's tndi sunuCtan(cui(M 



l^seesjkik fturBn 



TITTTT 



S sen fCoifL fut fctfi erdi of fui (cack SLmu((atieffus(if. 

SuC riw eruCi of i'cccuSi or c(iff[itnt tunts {$umUf{ij for C') 

Fic. ^'l '^9 Thought-Experiment 
To show that even is th arc simultaneous for one observer 
are not siinultanL'u for an observer moving with a 
dih erent velocity 



still anotler finds P later than Q To mamtam Kui- 
stein's Relativity, we must regard time as interlocked 
with space m a compound space-timo, whose slicing 
into separate time and space depends somewhat on 
the observer's motion If we accept this compound 
space-time system, we must modify our philosopli) 
of cause and effect. 

Cause and Effect 

Earber science was much concerned with ca'i- 
sahty Greeks looked for "first causes", later scien- 
tists looked for immediate causes — "the heatmj^ 
caused the rock to melt"; "the pressure caused the 
hquid to flow", "the alpha-particle caused the ion:, 
to be formed " It is difficult to define cause and 
effect "P causes Q". what does that mean^ The 
best we can say is that cause is something that pre- 
cedes the effect so consistently that we think there is 
a connection between them 

Even in common cases (hke stress and strain or 
PD. and current), we prefer to say P and Q go to- 
gether: we still look for relationships to codify our 
knowledge, but we treat P and Q as cousins rather 
than as parent and child 

And now Relativity tells us that some events can 
show a different order in time for different observ- 
ers—and all obser.-ers are equally "right" The 
sketches of Fig 31-40(e), belo>\', show how various 
observers at an event P, hcre-now, must classify 
some other events (eg, Q, ) as m the absolute 
future, some other events (e g , m the absolute 
past, and ^ome events (eg, QJ in the absolute 
elsewhere (as Edchngton named it) where observ- 
ers with different motions at P may disagree over 
the order of events P and Q 

" Note that the disagreement over simultaneity is not due 
to forgetting the time taken by light signals to bn.ig the m- 
fomiation to c:»her observer We treat the problem as if each 
observer had 2 whole gang nerfectly trained clockwatchers 
ranged along his coach to make observations without signal 
delays and then report al leisure The observers compare 
notes (eg by radio) Then each has an obvious explanation 
of the other man's claim that he saw the light flash reach tSe 
ends of his own coach simultaneously "Why, the iilly fellow 
has set his clocks askew Fie has a clock at each end of his 
coach, and when the light flash hit those end clocks they 
both showed tlie same instant of time — I saw that, too But 
he IS vvTong n saying his end clocks are «et in agreement 
I can see that he has set his front-end clock back by my 
standard, and his hind-end clock ahead / can see that 
the flash had to travel farther to reach his front end. And 
my clocks tell me it arrived there later, I know it should 
But Since hia clock is mis-set, early by mine, the late- 
ness of arrival did not show on it Those mistakes of 'uf 
in ietting his clocks just cover jp the diTe-ence of transit- 
time for what I can see are different travel -distanc ; to the 
ends of his coach," As in all such relativistic ''ompmsons, 
each observer blames the other for making exactly the tame 
kind of mistake 
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Kic 31-40 CiiAnis OF Space 

(These fanaful sketches are highly restricted, all the events 
shown occur in one :u-«ght hne, m a one-dimensiona! space, 
along an x-axis 

In the Lorcnt/ picture, a very high relabve velocity between 
£ and e' js assuncd The distortion of the x' and f system ip 
the Lorentz picture shows the view taken by j- Of course, e' 
himself would take an "uno.storted" view of his own system, 
but e' would find the x and t system "distorted " 
It Pot possible to show the essentjal symmetry here, so tlie 
Lorentz picture should only b« taken as a suggesbon. tiken 
literally, it would be misleading ) 

(a) An event that occurs on the straighf Lne (x-axis) "s 
shown by a point on this chart Distance o^on^ shows u.hfre 
the event occuri on the hne. Distance up shows wne^ it 
occurs Event P precedes event Q m time It maybe sensi- 
ble to say that P cause* Q, for some types of event 



(One Dimension) asd Time 

(b) A moving experimenter carries his origin for distance 
with hun On the Grlilein system he uses the same time- 
scale as a 'tationary experunenter 

(c) V/iiIi ■ Galilean transformation between two experi- 
inenters. the bnei for each hour by the clock are the same 
for both observers, and parallel to the axis, t 0. 

(d) The Lorentz transformation between two > (perimenters 
tilts one coorthnate system of space-^ctune rflative to the 
other (through a negligible angle, except wher. speed of 
e' relative to £ approaz-hes c) 

Then an event Q that follows e\ent P jn time for one ex- 
perimenter may p .cede P for another— but only if the 
events are <o far apart that a light signal from one event 
could not travel to the place of the other event and reach 
it before the other event occurred there 
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Ol)S'f\<r e IN M (h( oiiyiJi .111(1 Nf) l^ 0 wild 1^ tiiMMtii; f (st 
a!')iiK i-jMs ii>uti\» toe Ihc Imp nmn^si>u his (•^jujtinii 
1 - -If. and nurks ^11 i>\(«rjt\ thjt e (or t' ) s a\ tl'is 
imn! «'it N<>« c i^nowjn;; ihc \Juf of r. alhmj fur 
tmu .iUi\ iiuiks lus of c\cjA\ tint liappai imw aKm^ tin- 
I'.ixiN H(i\M\(r c will lUiKv J difl«'friit alltm.iiKp frdin the 
NJiiii M»N-.No\\ liit« tiid will jnaV .( tilted "now" a> Ins 
1 .IMS lh( liius ( ojttmiiinj; siin-nuu in thf fom-ird iUm,- 
t.fui of till)* nnrk the in u.iiuiiii tilt tl).jt e' (oii!<l ha\c for 
Ins , « — iMctiiM c' (an nr\i'r 1m\( "rljtut \(lfKitv 
;;n.it«r thill ( so ins j 'A\i\ ( jri ij<\<i hit as nn.» li as tliO'c 



li^lillim* \N}n(lin»\» >iiij>( ( Hut*'. (Im picttin u mnd 
tin t-ixi\ vu\ tin' li^ht Iiii»> iiilkt I (louhN' (o\n Su»)jHjv 
AU »\<nt r (Hiurs »t til" ori>;in mhu sou. jikI xil thtr 

<%«Ilt at If (^) l«;uitlll)l tllO llj>JHI l»L:lit-(01H" ^<,»|l It 

(l»fmil. 1\ III the future .i| V fur all .v^sirx.rs SiuuUiU A\ 
e\ent\ m tlir lower li^lit-u»ue ( Oj ) .lie m the al»olut<' 
earlur than V foi all ()}>Mr\,is JJnt (^), in the vpj(< l.,tw 
the toiui iiu\ 1>< ui the fiitiiK f»i. r (1 %ot l)e m th^ j > 
for an oi)\er\rr e' v^^^^»^e i -a\ n t Mv il).i\c it b*) we la. » 
that inteniicdiatf return aum> i i» .iMwiinn If f.^lU 
tluie. Meif/ief 1* nor O (cn .r/ier— lhf\ MiUpK 

cKT'ir at (hflcr( iit plat < s 



So now w<^ mini be inorr iMrcful W'c in.iy keep 
caiiM' .»jk1 I'fic'it in siiMplc c.^m'n such .is .ippics aiu! 
stomncli'aclu\ or alpln particles ami i(>n\ but \\c 
imjst bi' warv with events nci close ni tnne. for their 
(list.inve apart, t!)at they fall in eacli other s aHnO- 
ixry I LSI wmjii 

In atomic plnsicj you will meet other doubts ton- 
cernmg can^c ,>n(i effect Radionctive elianges .ip. 
pear io l)e a matter of pure cliance— the future life- 
time of an mdivuiual atom bomg unpredictable. In 
the final cliapter yon will see that nature enforces 
partial nnpreihi l.ibdity on all our knowledge, hedg- 
ing mdividual atomu events with jonie una\oiilal)le 
iinci'ilamtN, making it unwise to insist on exact 
"eflats" from exact "causes " 

The I OTtrtz I rafi-sfoTtuatum (W a Hotatiou 

'Ihv skelches of Kig 31-40 suggest \u- can throw light 
t)i I'le Lorent/ Iranstoiiiialion »f ve l(H)k at the efiett 
of n simple rotation of the axes of a coimr )n i-. y-gr.iph 
Tr\ the al<;ehra and find the "tr.insfomiation" conneit- 
nu: liie old loordin.ttes of a point, i. y, with the new 
(ooKiiu.ites. x', 1/ of the Mitnc point, thus 

* ? t \ 

I ^ X ^ 

1 1 * i^"^ . . ^ 

Hefer point in a pLitie to i tf-AXi s 1i [icn rtit.iti- the 
axes thr»>uuh an an^le \ (around the z-axis I he poait. 
r.'-niajmug alt its old position ni spue, has coordinates 
i', y' refi^rred to the new axes Vsc the ssinbol s for the 
s/o;)p of the new r-axis, sq that $ is ta.i \ Th^n as the 
diai^ram shows 



x' . <x I} n\s\ " (t . y »an Ai COS A 
~ { '1/ set \ - (i ^ sy\ \ (\ tan Ai 
. i' - (I -f \ {I -f V > 
.*^mnlarl\. y' — (y — (I . s i 

This tr..iisforination for simple rotation of a\e? nIuiws 
a s(jii.ire r(K)t plasing inu(h the same role as id the 
Ixjrent/ transformation In fact we nhtain the I^jreiit/. 
form if we replacr y h\ .i tinie eooidiiiate. thus instead 
of y, use t multiplied by const., it c and b\ i the s(juare 
root ,)f ( - I ) And instead of sh)pc s use id ci 'I hen, 
with 7 - icf and y' - u't' and t " n c. the siniple 
rotation-t..insf()rniation iv the I,or'-nt7 transfonnation 
Trv that That show? how the Lorent/ tr.insfornialion 
can be regarcied as .i sIkuii; of «pace-&-tinie with a (hf- 
ferent s!an» for different obsersrrs 

The Imaruiiit "Intenar hetneefi Tiio f i enfv 

\S'e can define the "inters a!" H between two eseiits 
(x^. /j) .ind (x^. / ) bv the iNthagoieaii form 

J hen we tan also write the expression Miat gises IV, the 
"inters .d" for .mother ohserser who records the .same 
two esents at (i/. r,') and ( i on his c<x)idinates 
If we tlien use tlie Lorent? transformation to exnie.s ii' 
in teiHis of the first ohseiser's coordniates, we find that 
II' IS the s.une .is /{ Lie I^nentz traiisfonnation keeps 
that "mtirvar' msariant 'Ihat states the fW-latisitv ^s- 
S'jmption—measuxed c is .ilwass ti'ie same — in a dif- 
ferent \^'.iV 

j*ob> A Wheeier suggests a fahle to ilhistrate the role 
of (* Suppose the inhabita'-ts of an isKind (io their 
surv'smg with reitan^ula f<x.rdMiateN, but measure 
\ort'i'South distances m twlcs and hUist-West ones m 
feet 'Ihen a sudc'en. penn.meiit shift of m.igiietie North 
thrcaiii^ .in^le A makes th« in turn their • stem of 
nxej> to tlic new direction 'Ihe\ a^am measure m miles 
along the new N'-S' direction aii(i in feet K'-W 'Ihev 
trv to compute the distance '* between two points hs 
Pstba^oras /{» ^ /ai'^ I ( .;V and thev f^nd that 
R takes a different \alue wtth the ne\*' coordinates 



Ihcii fuid th.i't tht'\ obt.im the SAinv \,ihiv for H 
(and a Uicfnl <mc> with both 5.et% of c^>4>:(i:i).iUN li thc\ 
(lefiric K b\ fi- = (At ■ - »12*>0Aj/»- 
Their "mvitcrjoiis esvnti.il f.Ktor. 32'»(). 'TrCNpondN 
to c in the rciatiMStic lutcnal" m thv p.ir.«':Mph .il><)\t' 
MorM f s not much a m\Nlerioi;s hinitir.i! vel<>cit\ 
as a unit-ch.ingini; f.ictor. uhuh suimoJv ilut lime ai.d 
>p.ux' arc not iittrrK (hflrrciit lhc\ form one con- 
tmmmi with Iwth of them mcisu ruble in meters 

7j There a Framcttork of Fixed Sfxiee^ 

Thi'S ue ha\c dc\m*cl. m special Kclatuitx. a now 
geomctrv and phvsics of spaccA-limc uitli our 
clocks and measuring scales ^ basic instruments of 
phvsicsK conspirinj;. by their changes when uc 
chani^c observers, to present us uith i .lUiversaHv 
constant velocity of hght. to limit a I! movint; nulter 
to 'esser speeds, to reveal physical lau-^ in the same 
form for all observers nioviiiir \\i*h constant veloc- 
ities, and thus to conceal fron. r.s forever anv abso- 
lute motion through a fixed framework of space, in 
fact, to render meaningless the question uhether 
3uch a framework exists. 

niCIIER VALVES OF AT HEMATICS 
AS A LAXCVACE 
Methematical Form and Hentthf 

As a lan^uai»e. algebra may be \erv truthful or 
accurate, and even fruitful but is it not doomed to 
remain dull, uninterestinii prose and never rise to 
poetn-^ Most mathematicians wdl dcnv that doubt 
and claim there is a qreat beauty in niatbem.i'Jcs. 
One can learn to enjoy its form and eleiiance as 
much as those of poetry As -m example, watch a 
pair of Simultaneous equations being pohslnd up 
into elcgince Start uith 

Ax - '2ij = 10 
"^hen with some juuglmg ue can get rul of ij and 
find = 3. and then ij -i \. But thrse are lopsidetl. 
individual equations, l.et us make them more gen- 
eral, replacing the coefficients 2. 3, 9. etc . bv letters 
a. b. c. etc . thi.s 

ax - \nj - c dr — ei^ — f 

After heavier juggiinn ue find x — 5^ Tlieii 

ae - dl) 

more |iit;i;linj» :s needed to find tj These solutions 
enable us to soke the earlier equations and others 
like them bv snh.slituling the number coefficients, 
for a. b. c. etc Hut unless ue had ii.anv equations 
to solve that uonld hardU pa\. and ur seem no 
nearer to poelrv Unt ,iow let he more svsteni- 
atic We are ih-ahng uith x ..lul r/ as much the 
same things, so ue might eni[)hasi/e the siiniKiritv 



b> callinu them a and r. To match that change 
wo Use a a , a, uistead of a. b. c and urite 
ax — .ur^ - a. Hut llun ue liave trie Nccond 
cH|uatiouN coefficients We iiuiiht call them a \ etc.. 
but even so the tuo e<ju.itions do not look qmtc 
symmetrical To be fairer still, ue call the fir^t lot 
a/ etc and the second lot a/' etc Then 
a/x. — ,u X, — a ' 
and a "x, — a.' x- — a.," 
These look ni-at. but is their neatness moeh use^ 

Soke for x We o!)tain x — -i ' — iIjl Wq^v 

a/a " — .. "a * 

is a gam ue need not solve for x, or r/ S.min"trv 
uil! shou us the answer straight aua\ Note that r 
and Xj (the old x and ij) and their cijefficieiits are 
only distnij^uislied by the subscripts . and if uc 
interciiarige the subscripts . and . tlirougliout. ue 
get the same etjuations .»gain. and thererore we must 
have the same vilutioiis We ir.ake ♦hat mterclun^o 

m the solutio'i abo\e and r, ^ ' ^- 

a V. " - a *\i * 

a. a '* — a^* a,* 

coinos r, —r^. : Nou ue lia\e the an- 

a_ a — a_ a 

swer for x. (the old i/>, free of charge. Tiie ecoiiomv 
of working niay seem small, but think of the in- 
creased complexity if ue hail, say. fi\e unknouns 
and five simultaneous equations With this s\in- 
metrical svstem of writing, we just soKe for one 
unknown, and then wTite down the other four solu- 
tion- by svTnrretry. Here is /on;i pla\ing a part 
that IS useful for economy and pleasant :n appear- 
ance to the mathematical e\e. More than that, the 
new form of equations and answers is general and 
universal— in a sense this is a case of covariancc. 
This IS the kind of svmmetrieal form that annealed 
to M.uwell and Einstein. 

Tir.s IS only a little wav towards fi ;ding jwetry 
m the ianguagf o^ mathematics— about as far as 
well-mettred verse. The ne\t stage would be to use 
s\ m metrical methods rather than symmetrical fomts^ 
e g "dcternnnants " .\s the professional n^ Uheina- 
tician develops the careful argtiments which back 
up his mctho<ls. he builds a structure of logic and 
form which to his eye is as beautiful as the finest 
poem 

Ccomc*rij atvl Sciniec Truth ami General Rclativntij 
Thus, mathematics g( es f.ir bc\oiid w(»rkmg 
arithmetic and sansage-gnnding algebra Jt c\en 
abandons perl definitions and some of tiie restric- 
tion* of log:c. to encourage full lowering of its 
growth, hut yet its whole scheme is based on its 
own starting j)omt>. the views it.s founders take of 



iitiwimr%, ;)(»!«'%. panilhl hut \, i»<f.)r%. I'ure 
nhUlicinatics is .in i\»)r\ UrwiT sf.rinr l he n'sults. 
benig (ItTiM'd b\ gcnnl !<»«ik\ atv .iJ.to:»j.ilicalK Itw 
to tlie ongiii.il aSMimptioiis and (icfinihons \\ iii'thrr 
the real world fits the asstiinptions sterns at first a 
matter for experiineul Wc cerlainl) must not trust 
the assumptions just because they seem reasonable 
and ob\ious. However, ihev nu\ be more like defini- 
tions of procedure, in which case mathrmatic<:, stdl 
true to those definitions, nught interpret an\ world 
in term« of them. 

We used to think th.it when the m.ithematieian 
had developed his world of space and numbers, we 
then had to de experiments to find out whether the 
real world agrees with him For example. Euclid 
made assumptions regarding points and lines, etc 
and proved, or argued out. a consistent geometrv 
On the face of it. by rou^h comparison w th real 
circles and triangles drawTi on paper or surveved 
on land, the results of !us s\stem seemed true to 
nature. But, one felt, more and more precise experi- 
ments were needed to test whether Euclid liad 
choser the right assumptions to imitate nature 
exactly, whether, for example, the three angles of a 
triangle do make just 180 degrees.-* Relati\ity- 
mechanics and astronomical thinking about the u.ii- 
verse have raised serious questions about the most 
fitting choice of geometry. Mathematicians luwc 
long known that Euchd's version is only ore of 
seveial dc.'isable geometries which agree on a 
small scale but differ radically on a large scale in 
their physical and philosophical natLre. 

Special Rclattctty deals with cases where an ob- 
ser\'er is mo\ing with constant velocity relative to 
apparatus or to another observer. Emstein then de- 
veloped General Helattttti' to dea» with measure- 
ment m svstcms t* at are acceleraitnf. 

What »s General Relativity, and how docs it affect 
our views of phvsics — .md of geometrv^ 

It pruh.ibly Jccins ohvioiss ti. Mm tli.it tU\ <io Tins ina\ 
h" becanse >(w ha%c swallow e<l Kiultti's prdiof wlioic — .111- 
thontarian daltictioii Or in i\ hj\c as$iirc<: \oiirvU in- 
ductively hv makiTj; a paper tri.inglr ttMnnj: ofl 'tlic torncrs 
ar.d asscmbhnr ihcm Suppusr. h<>wc\(r. \\c n\<-<J on a hii^c 
globr, iLtthout knoiLtrtg it Small tn.uu'lcs, (onftnc<i to tlic 
Sihoolroom would ha\c a IHO* sum But a hiiRc triangle 
utiiild }ti\c .1 l>i^5;rr sutr Kor c\aiupi«', one wnh a Anvx 
at the N'.poJc umild ha\c rii;ht ^ni»j»$ at its ha<c <>n the 
equator 




1.1' Iraiin^ a papvr tnanclt' (h) rrMn;;Ir nn a <{>h( 



Einstemii Prtnvtple c' lupaiak tuc 

Ein<:tein was id to General Helatn it\ h\ a single 
(jucbtioii Could an observer n\ a falling ele itor 
or accelerat ng train reallv know he is accelerating'' " 
Of course lie would notice strange forces < a!> in the 
case of truck and-ti.iek experiments lo lest F — Ma 
in an accrler.iting railroad coaeli * There Strang 
farct»:> act on the truek and make F Ma untrue) 
But could lie decide In expermient between .ic- 
eeleration of his frame of reference and a new gr.i\ 1- 
tational field'-* (If a carpenter builds a correctly 
tilted l.ibor.itory in the accelerating coaeh, the ob- 
server will ag.iin find F = Ma holds, but he will 
find different.)* Therefore, Einstein assumed 
that no lot^al experiments — mechanical, electrical or 
optical — could decide no experiments could tell an 
obser\er whether the forct» he finds are due lo his 
acceleration or to a local "gravitational" field Then. 
Einstein s.ud. the liitis of physics must take the same 
essential form for A^J. oh^cr ers, e\en those who 
are acceler.iting. In other words. Einstein required 
all the I.iws of physics to l>e covatiaiit for ail ii.ms- 
form.itions from one f^ime of reference (or labora- 
tory) to another That is the essential basis of Gen- 
eral Relatixity all physical laws to keep the same 
form. 

It was obvious long ago that tor mechanical be- 
h» ior a gravitational field and an acceler.iting 
frame of reference are e<|uivalent Einstein's great 
contribution was his assumption that th?y are com- 
pletely eqiii\alent. that even in optical .md electrical 
experiments a graWtational field wouk have the 
same effect as an accelerated frame of reference 
"This assertion supplied the long-scught-for link 
between gr.i\ it.ttion and the rest of ph\sics. 

Acceleratmii Local Observer "Grai it at tonal Fiela' 

"^he Principle of Eqiiix alence influences our mcw 
of matter motion and geometry m sexer.il wa\s 

(1) Local Physics for Accelerated Ohserti rs If 
the Principle of Equivalence is true, all the strange 
effects observed in an accelerating laboratory can 
be ascribed to an extra force-field. If the lahora- 
tor\'"s acceleration is a meters sec', wo may treat the 
laboratory as at rest instead if wc give e»'er> mass 
m kg an extra force —ma Ilewlo.^s. presum.ibly due 
to a force-field of strength —a newtons kg Then, 
With this field included, the ordinary rules of 
mechanics should apply — or r.itlier the l^rentz 
niodifir.ition of Newtonian mechanics and Eiielid- 
ean geometry, just as in Special Helatlvity. 

• Scr Cluptf r 7 Problems 30 aft<l 31 

• Sir t<iintind Wlntltlrr m hrom htulul to hihlmf^ton 
(CainbrKiC'* L*Jii\(isit\ l'r»ss now in l^o\cr paper- 
back (tilt ion 
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ICxanipic^ 

{i; E\pcrirr»i'nlers in .1 r.iilroad coach tli.it is .ic- 
celcr.itinii~(>r m .1 rocket ih.il is being (ln\fn 
by lis fiiel~\\ill find N\-\\ ton's L.i\vs of motion 
app^ill^ at low speeds, provided they add to 
all \isible forces on o-aih mass m the extra 
(backward ' force. — mfl. due to the ecjuivalcnt 
force-fiehl.** Objects n^ovmg through the labo- 
ratory at \ m high speeds would seem to have 
mcreased mass, etc. |ust as we aKvavs expect 
from Special Relati\ity. 

(ii) An expermienter wcjghmg himself on a spring 
scale in an elevator moving with downward 
acceleration a would obtain the scale rc.uhng 
that he would expect ut a gra\ it.itional field 
of strength ( <r - a). (See Ch. T, Problem 10.) 

(ill) In a freely falling box the force exerted b\ the 
equivalent force-field on a mass m would be 
mfi upward Since this wou!(i exact I v balance 
Jhc weight of the bod\. m£j dowTiu'ard. cvcr\- 
Ihing would appear to be weightless The 
same applies to c\p-rinieuts mside a rocket 
when its fuel ha^ stopped dri\ing it, or to ex« 
pcriments on anv satellite pursuing an orbit 
around the Earth the pull of the Earth's con- 
trolling gravity is not felt, because the w hole 
laboratory is accelerating too 

(iv) In a rotating lalwratory. adding an outward 
force-field of strength t-, R would reduce the 
local mechanical behavior to that of a sta- 
tionary lab 

(2) Interpreting Gravity, All (real) gravitational 
fields can be reinterpreted as local modifications of 
space«&-time by changing to appropriate accelerat- 
ing axes so that the field disappears This change 
gives us no help m mechanical ealculatuns. but it 
leads to a new meaniag for gravity, to be discussed 
m the next section 

(3) "Removing Gravtty." If a gravitational field 
IS rcall\ equivalent to an accelerating frame, we can 
remove it by giving our laboratory an appropriate 
acceleration. Common gra\ ity, the pull of the Earth, 
pulls vertically down It is equivalent to an aeeelera* 

-5 0\cr 200 \cars ago. the French philosopi.cr and m.itlu- 
mzttician d'Alcmbcrt staled a general principle for solving 
roblems that in\oKc accelerated motion add to all the 
noun forcts acting on an accelcr-jling mass m an extra 
force —ma, then treat m as in c<juilihruim By addmg such 
"<l'AlcmI)crl forces" to all the bodies of a complex s\stcm 
of nias<;cs in luolior. vie can convert the dynamical probltm 
of preduting forces or motion into a statical problem of 
forces m equilibnum This is now common practice among 
professional physicist^, but it is an artificial, sopliKticalcd 
notion that is apt to be misleading, sc uc avoid it in ele- 
mentary teaching It \s the basis 01 the ' ■"nginocr's headache- 
cure" mentioned in Opinion III of ccnlnfuga! force, m 
Chapter 21 



tion of our frame, \erticall\ up It we then let 
our lab fall through our frame of reierence with 
acceleration g \ertically dou.n. wc ob^ene no elfetls 
of graMt) Our lab has two acceleralio-is. the "real" 
one of falling and the opposite on» that replatON the 
gravitational field. The two just cancel and we have 
the equivalent of a statiomrtj hh m zero ^rdttta- 
tioml fieU That )u>t means, "let the lab fall frceK. 
and gravity is not felt m it " We do that physically 
w heri we travel in a space ship, or m a freelv-fallmg 
elevator Our accelerating framework rcnio\es all 
sign of the gra\it3tiona! field of Earth or Sun-' on 
a small local scale. Then we c*.*^ lea\e a bodv to 
move with no forces and watch iti path U e call its 
path in spac>&-time a str.ught line and we expect 
to find s.inpic mechanical laws obeyed \V have an 
mertial frame in our localitv. 

(4) Arti/icw/ Grfluify. Conversely. b\ imposing.* 
large real acceleration we can m.mufacture a strong 
forcc'field. If we trust the Principle of Equi\alence 
we expect this force-field to treat matter in the same 
way as a \en' strong gravitational field On this 
view, centnfugmg increases a\ailable "g" manv 
thousandfold. 

(5) Myth-and'Syinbol Expcrimcut To an ob- 
sencr with acceleration a e\ery mass m* seoms to 
suffer an opposite force of size m^a, 111 additiou to 
the pushes and j uils exerted on it by known <:gents 
In a gravitational field of strength g e\cr\ mass vi* 
is pulled with p force m'g Here, wc are u:>ing m® 
for inertial mass, the m in ]•* z= nui. and in* for ura\ 1- 
tational mass, the ni in F — GMvt d'. The Principle 
of Equivalence says that gravitational field of 
strength g can be replaced m effect b\ an opposite 
acceleration g of the observer 

.'. must be the same as »i*g m* zjb 

The Principle of Equivalence requires gravitational 
mais and -nertial mass to be the same, and the 
NJ\ th-and-Symbol P^xperiment long ago told us that 
thev are. As you will see in the discussion that fob 
lews. Einstein, m his de\elopment of General Rcla- 
ti/it\, ga\e a deeper meaning for this equalitv of 
t >e two kinds of mass 

Gcncrul Rchttiiity and Gcovictry 

Over fijjudl reuions of space &-time, the Earths 
gravity is practically uniform— and so is any other 

=*That 1^ why the Sun's gr.mtational pnll produces "no 
notHo.iMi ri(hi" a<; wc ino^c with the l^arth around iti \early 
orbit (That phrase in tho table of field values '^n p 116 was 
:» fpnbblc') Only if inertia! mao an'l gr,i\itati()ii,il mass 
failed to keep exmthj the same proportion for different sub- 
stances w'ouhl any noti(c.d)lo effect occur Minute differences 
of such a kiml arc hc\n%, looked for— if any are d.sco\vr<d, 
uill ha\e a profnnnd <ff<ft on (nir theory 



gravitational fieki So we . tii removo' gravitv Tor 
local L'xponments b\ ha .nt; our lab accelerate 
freely, and it will behave ..kc an incrtial frame with 
no gravitational field an object left alone will stay 
at rest or move in a straight line, and with forces ap- 
plied ue shall find F — nia. However, on a grander 
scale, savall around the Eartli or the Sun, we should 
have to iisL- many differeut accelerations for our 
local iabs to remove gravity In fitting a straight 
line defined m one 'ab '^v Newton's Law 1 to its 
continuation in a neif ibormg lab. also accelerating 
freely, w e should find we have to "bend" our straight 
hne to make it fit The demands of bending would 
get worse as we proceeded from lab to lab around 
the gravitating mass. How can we explain that*^ 
Instead of saving "we have found there is graviiv 
here after all" we might say "Euclidean geometry 
does not quite fit the real world near the massu't- 
Earth or Sun," The seconci choice is taken m dev elop- 
ing General Relativity. As in devising SpCf lal Rela- 
tivity, Emstein looked for the simplest geometry to 
Ht the new assumption that the laws of phvsics 
should always take the same form. He arrived at a 
General-Relativity geometry in which gravity disap- 
pears as a strange force reaching out from matter, 
instead, it appears as a distortion of space-&-time 
around matter. 

*Trom time immemorial the physicist and the 
pure mathematician had worked on a certain agree- 
ment as to the shares which they were respectively 
to take in the study of nature The mathematician 
was to come first and analyse the properties of space 
and time building up the primarv sciences of geome- 
try and kinematics (pure motion), then, when the 
stage had thus been prepared, the physicist vvc to 
come along with the dramatis personae— material 
bodies, m.'>.gnets, electric charges, light and so forth— 
and the play w'as to begin But in Einstein's revolu- 
tionary conception the characters created the stage 
as they walked about on it geometry was no longer 
antecedent to physics but indissalubly fused with 
It into a single discipline The properties of space 
m General Relativity depend on the material bodies 
and the energy that are present . 

Is this new geometry right and the old wrong? 
Let MS return to our view of mathematics as the 
obedient servant Could we not use any system of 
geometry to carry out our description of ihe physical 
world, stretching the world picture to fit the geome- 
try, so to speak^ Then our search would not be to 
find the right geometry but to choose the simplest 
or most convenient one which would describe the 

'*S\t E<lmnnd WhittaUr, Fror.i Eticltd to Eddtngton, 
opctt, p 117 



world wntli least stretching.-* If we do, we must 
realize that we cfioosc our geometrv but we have 
lur univers*^, and if we ruthlessly make one fit the 
oti -^r I>y pushing and pulling and distorting, then 
we must take the consequences 

For example, if all the objects in our world con- 
sisted of so'ne pieces of the elastic skin of an orange, 
the easiest geometrical model to fit them on would 
be a ball. But if we were brought up with an tin- 
dving belief in plane geometr)', we could press tiie 
peel down on a flat table and glue it to the surface, 
making it stretch where necessary to accommodate 
to the table. We might find the cells of the peel 
larger near the outer edge of our flattened piece, 
but we shotdd announce that as a law of nature We 
might find strange forces trying to make the middle 
of the patch bulge awav from the table— again, a 
**lavv of nature." If we sought to simphfy our view of 
nature, the peel's behavior would tempt us to use a 
spherical surface instead of a flat cne, as our mo<lel 
of "surface-^pace " All this sounds fanciful, and it 
is, but just such a discuss'i^n on a three- or four- 
dimensional basis, instead oi a tv^o-dimensional one, 
has been used in General Rela.Anty. The strange 
force of gravity may be a necessary result of trving 
to interpret nature with an unsuitable geometrv — 
the system Euclid developed so beautifully. If we 
choose a different geometr\', in which matter dis- 
torts the measurement system around it, then gravi- 
tation changes from a surpnsing set of forces to a 
mcTC matter of geometry. A cannon ball need no 
longer be regarded as being dragged by gravity in 
what the old geometry would call a "curve" in space 
Instead, we may think of it as sailing serenely along 
what the new geometry considers a straight line in 
its space-&-time, as distorted by the neighboring 
Earth. 

This would merely be a change of view (and 
as scientists we should hardly bother much about 
it), unless it could open our eyes to new knowledge 
or improve our comprehension of old knowledge. 
It can. On such a new geometrical view, ♦he 
"curved" paths of freely moving bodies are inlaid 
in the new geometry of space-&-time and all pro- 
jectiles, big and small, with given speed must follow 
the same path. Notice liow the surprise of the 
M)'th-and-Symbol fact disappears. The long-stand- 
ing mystery of gravitational mass being equal to 
inertial mass is solved Obviously a great property 
of nature, this equahty was neglected for centuries 
until Einstein claimed it as a pattern property im- 
posed on space-&-time by matter 

You can have your coffte served on any tray, but on 
some trays it wobhlcs less 



E\en a light r.i\ must follow a inr\i' just as nuuli 
as a I)uIIft nu)\]n^ at Ii^ht sprrd Nt-ar the Hartli 
that (nr\t' wjjnli! hi* iinprirrptil)!*'. hut starlight 
>trfatniii«4 pa:>t tlic Snn ihouki In- dciU-acd h\ an 
allele o{ ahont 0(K)()5 dt'^nvs, jnst int-asnraljlo h\ 
ino(i(Tn ni^tninu'nts Photograph': taken dunng total 
rtlipscs Siiow tliat star>> wry near the i'(l«;e of the 
Sun seem shifted by about 0 0006' On the tradi- 
tional ("classical") \ie\\, the Sun has a gravitational 
field that appears to modify the straiglit-Iine law for 
light rav s of the End id cm geometrical scheme On 
the General Relativity Mew, ue replace the Sun's 
gravitational field bv i crumpling of the local ge- 
ometry from simple Huchdean form into a version 
where light seems to us to travel slower Thus tiie 
light beam is curved slightly around as it passes the 
Sun— the reverse of the bending of light by hot air 
over a road, when it makes a mirage. 

Finding this \ie\v of gravitation both simple and 
fruitful— when boiled down to simplest mathemati- 
cal form — \vc would like to adopt it In any ordinary 
laborator) experiments we find Euchd's geometry 
gives simple, accurate descriptions. But in astro- 
nomical cases With large gravitational fields we 
must either use a new geometry (m which the mesh 
of "straight lines" in space-&-time seems to us 
slightly crumpled) or else we must make some com- 
plicating clianges in the laws of phvsrcs. As m 
Special Relativity, the modem fashion is to make 
ne change in geometry Tliis enables us to pohsh 
up the laws ^)hysics into simple forms which hold 
imiversallv , and sometimes in doing that we can see 
the possibility of new knowledge 

In specif)ing gravitation on the new geometrical 
view, Einstein found that his simplest, most plausi- 
ble fonr. of law led to slightly different predictions 
from those produced by Newton's in verse- square 
law of gravitation He did not "prove Newton's Law 
wTong" but offered a refining modification— though 
this mvolved a radical change in viewpoint We 
must not think of either law as right because it is 
suggested by a great man or because it is enshrined 
in beautiful mathematic.;. We are offered it as a 
brilliant guess from a great mir*d unduly sensitive 
to the overtones of evidence from the real universe 
We take it as a promising guess, e\en a likely one, 
but we then test it nithlessly The changes, from 
Newton*^ predictions to Einstein's, thojsgh funda- 
mental in nature, are usually toe small in effect to 
make any difference in laboratory experiments or 
even in most astronomical measurements But there 
should be a noticeable effect in the rapid motion 
of the planet Mercury around its orbit Newton pre- 




dieted a simple ellipse, with other planets prodiiein<; 
perturbations which could be calculated and ob- 
ser\ed General Relatuity theory predicts an extra 
motion, a very slow slewing around of the long axis 
of the ellipse by 0 00119 degree per centurv When 
Einstein predicted it. thts tmy motion was already 
known, discovered long before by Lo%errier. The 
measured \alue, 0 00117*/cenlury was wailing to 
test the theory 

Accepting this view of jravily, astronomers can 
speculate on the geometri' of all space and ask 
whether the universe is mfinit( or bounded by its 
own geometric curvature (as a sphere is) We may 
yet be able to make some test of this question. 

There are still difficulties and doubts about Gen- 
eral Relati ity Even as we use it confidently to deal 
with Mercury*s motion, or the light from a massive 
star, we may have to anchor our calculations to some 
frame of reference, perhaps the remotest regions of 
space far from grantating matter, or perhaps the 
center of gravity of our universe. So space as we 
treat it, may have some kind of absolute milestones 
This doubt, this threat to a powerful theorj', does 
not irritate the wise scientist he keejis it in mind 
With hopes of an in:.* -resting future for his ihoughts. 

Xew Mathematics ^or Nuclear Physics 

In atomic and nuclear physics, mathematics now 
takes a strong hand. Instead of sketching a model 
with sharp bullet-bke electrons whirbng round an 
equally sharp nucleus, we express our knowledge 
of atoms in mathematical forms for which no picture 
can be drawn. These forms use unorthodox rules of 
algebra, dreamed up for the purpose, and some 
show the usual mathematical trademark of waves 
Yet, although they remam mathematical forms, they 
yield fruitful predictions, ranging from the strength 
of metal wires and chemical energies to the behavior 
of radioactive nuclei. 

We now see mathematics, pure thought and argu- 
ment, again offering to present physics in clearer 
forms which help our thinking, but now far from a 
servant, it is rather a I^rd Chancellor standing be- 
hind the throne of ruling Science to advise on law. 
Or, we might describe mathematics as a master 
architect designing the building in which science 
can grow to its best 
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There was a young lady named Bright, 
Who traveled much faster than light. 

She started one day 

In the relative way, 
And returned on the previous night. 

Anonymous 
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Once upon a time there was a Daytime surveyor who measured off the king^s 
lands. He took his directions of north and east from a magnetic compass 
needle. Eastward directions from the center of the town square he measured in 
meters in meters). Northward directions were sacred and were measured in 
a different unit, in miles 0^ in miles). His records were complete and accurate 
and were often consulted by the Daytimers. 

Nighttimers used the services of another surveyor. His nortn and east 
directions were based on the North Star He too measured distances eastward 
from the center of the town square in meters (x' in meters) and sacred distances 
north m miles miles). His records were complete and accurate. Every 
corner of a plot appeared in his book with its two coordinates, x' and /. 

One fall a student of surveying turned up with novel openmindedness. 
Contrary to all previous tradition he attended both of the rival schools 
operated by the two leaders of surveying. At the day school he learned from 
one expert his method of recording the location of the gates of the town and 
the corners of plots of land. At night school h** learned the other method. As 
the days and nights passed the student puzzled more and more in an attempt 
to find some harmonious relationship between the rival ways of recording 
location. He carefully compared the records of the two surveyors on the loca- 
tions of the town gates relative to the center of the town square: 



Daytime surveyor uses 
magnetic north 



Nighttime surveyor 
uses North Star north 



Table 1. Two different sets of records for the same points 



Place 



Town squnre 
Gate A 
Gate B 
Other gates 



Daytime surveyor's axes oriented 
to magnetic north 
{x in meters, y in miles) 



0 



0 



Nighttime surveyor's axes 
oriented to the North Star 
(x' m meters, y' in miles) 

0 0 

t'B y'u 
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In defiance of tradition, the student took the daring and heretical step to 
convert northward measurements, previously expressed always in miles, into 
meters by multiplication with a constant conversion factor, k. He then dis- 
covered that the quantity [(x^y + (kyAYy^ based on Daytime measurements 
of the position of gate A had exactly the same numerical value as the quantity 
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Fig. 1 . The low n and its gates, bhow ing coordi- 
nate axes used by two ditferent surveyors, 

[{xaJ -f (kyAJV^^ computed from the readings of the Nighttime surveyor for 
gate A. He tried the same comparison on the readings computed from the re- 
corded positions of gate B, and found agreement here too. The student's 
excitement grew as he checked his scheme of comparison for all the other 
town gates and found everywhere agreement. He decided to give his dis- 
covery a name. He called the quantitv 

Discovery invanance (1) ^(^xf -\' {kyfY^'^ 

of distance 

the distance of the point (v, y) from the center of town. He said that he had 
discovered the principle of the inxariance of distance: that one gets exactly the 
same distdces from the Daytime coordinates as from the Nighttime coordi- 
nates, despite the fact that the two sets of surveyors' numbers are quite 
different. 

This story illustrates the naive state of physics before the discovery of 
special relativity by Einstein of Bern, Lorentz of Leiden, and Poincare of 
Paris. How naive? 

1. Surveyors in this mythical kinguom measured northward distances a 
sacred unit, the mile, different from the unit used in measuring eastward 
distances Similarly, people studying physics measured time in a sacred 
unit, the second, different from the unit used in measuring space. No one 
thought of usmg the same unit for both, or of what one could learn by 
squaring and combining space and time coordinates when both were 
measured in meters. The conversion factor between seconds and meters 
namely the speed of light, c - 2.997925 X W meters per second, was 
regarded as a sacred number. It was not recognized as a mere conversion 
factor like the factor of conversion between miles and meters-a factor 
that arose out of historical accidents alone, with no deeper physical 
significance. 

2. In the parable the northbound coordinates, y and y\ as recorded by the 
two surveyors did not differ very much because the two directions of 
north were separated only by the small angle of 10 degrees. At first our 
mythical student thought the small differences between y and y' were due 
to suiveying error alone. Analogously, people have thought of the time 
between the explosion of two firecrackers as the same, by whomever 
observed. Only in 1905 did we learn that the time difference between 
the second event and the first, or '^reference event," really has dif- 
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ferenl values, / and for observers in different stales of motion. 
Think of one observer standing quietly in the laboratory. The other 
observer zooms by in a high-speed rocket. The rocket comes in through 
the front entry, goes down the middle of the long corridor and out the 
back door. The first firecracker goes off in the corridor (**reference 
event**) then the other (**event A"). Both observers agree that the 
reference event establishes the zero of time and the origin for distance 
measb/ements. The second explosion occurs, for example, 5 seconds 
later than the first, as measured by laboratory clocks, and 12 meters 
further down the corridor. Then its time coordinate is /a = 5 seconds 
and its position coordinate is = 12 meters. Other explosions and 
events also take place down the length of the corridor The readings of 
the two observers can be arranged as in Table 2. 



Table 2. Space and time coordinates of the same events as seen by two 
observers in relative motior. For simplicity the y and z co- 
ordinates are zero, and loe rocket is moving in the x direction. 



One observer uses 
laboratory frame 



Another observer uses 
rocket frame 



Coordinates as measured by observer who is 



Even! 



Re^'erence event 
Event A 
Event B 
Other events 



standing 
(x m mn\ s, t in seconds) 



moving by in rocktt 
{x' in meters, t' in seconds) 



0 
/a 
th 



0 0 
^'a /'a 



The mythical student's discovery of the concept of distance is matched by 
the Einstein-Poincare discovery in 1905 of the idea of interval. The in- 
terval as calculated from the one observer's measurements 

(2) interval = [(c/a)^ - {xkYYi' 

agrees with the interval as calculated from the other observer's measure- 
ments 

(3) interval = [fcfA? - (xkJ]''^ 

even though the separate coordinates employed in the two calculations 
do not agree. The two observers will find different space and time coordi* 
nates for events A, B, C, . . . relative to the same reference event, but 
when they calculate the Einstein intervals between these events, their 
results will agree. The invariance of the inter) al—iis independence from 
the choice of the reference frame— forces on t to recognize that time can- 
not be separated from space. Space and time are part of the single 
entity, spacetime. The geometry of spacetime is truly four-dimensional. 
In one way of speaking, the ^'direction of the time axis'' depends upon the 
state of motion of the observer, just as the directions of the y axes 
employed by the surveyors depend upon their different standards of 
"north/' 
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The rest of this chapter is an elaboration of the analogy between surveying 
in space and relating e ents lo one another in spacetime. Tabie 3 is a preview 
of this elaboration. To recognize the unity of space and time one follows the 
procedure that makes a landscape take on meaning—he looks at it from several 
angles. This is the reason for comparing space and time coordinates of an 
event in two different reference frames in relative motion. 

Table 3. Preview: Elaboration of the parable of the surveyors. 



Parable of the .Uirvc\ ')rs 
geometn of space 

The task of the surveyor is lo locate ihe posi- 
lion of a point (gale A) using one of tuo co- 
ordinate systems that are rotated relative to 
one another 

The tuo coordinate s>s(enis. oriented to 
magnetic north and to North-S north 

For convenience all surveyors agree to make 
position measurements with respect to a 
common origin (the ccmer of the town 
square) 

The analysis of the surveyors' results is smi- 
plified jf I and \ coordinates of a point arc 
both measured in the same units, m nieiurs 



The scpantte coordinates and \a of gate 
A ih not ha\e the same values respectively in 
two coordinate systems that are rotated 
relative to one another 

hnartance oj distance The distance {x^^ ^ 
>A^)' * l>ctween gate A and the town square 
has the same value when calculated usmg 
measurements made with respect to either of 
two rotaiL'i coordmate systems (u and Va 
bcih measured m meters) 

Eiictuiean iransformatum Using Eiuluiean 
geometry, the surveyor can solve the follow- 
ing problem Gnen ihe Nighttime coordin- 
ates xk and u' of gate A and the relative 
inclination of icspective coordinate axes, 
fvnt the Daytime coordinates u and u of 
the same gate 



Anah^\ to ph\s rv 
i'eometr\ of spacetime 

The task of the ph>sicist is to locate the posi- 
tion and ...ne of an event (firecracker explo- 
sion A) using one of two reference frames 
uhich are in motion relative to or - another 

The two reference frames: the laboratory 
frame and the rocket frame 

For convenience all physicists agree to make 
position and time nK'asurements with re. 
spect to a common reference event (explo- 
sion of the reference firecracker) 

The analysis of the physicists' resulf': js sim- 
plified if the \ and / coordinates of an event 
are both measured m the same units, in 
meters 

The separate coordinates xk and of event 
A Jo not have the same values respectively in 
two reference frames that are m uniform 
motion relative to one another 

tnvanauce oj the interval The interval it - 
A <*)>•' between event A and the reference 
event has the same value when calculated 
using measurements made witli respect to 
either of two reference frames in relative 
motion (aa and /a both measured in meters). 

Lorentz transjormation Using Lorentz 
geometry, the physicist can solve the follow- 
ing problem: Given the rocket cooidi nates 
\a' and /a' of event A and the relative 
velocity between rocket and laboratory 
frames, /mJ the laboratory coordinates aa 
and /a of the same event. 



The parable of the surveyors cautions us to use the same unit to measure 
Measure t/memmetets ooih distance and time. So use meters for both. Time can be measured m 
meters When a mirror is mounted at each end of a stick one-half meter 
long, a flash of light may be bounced back and forth between these two mir- 
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rors. Such a device is a clock. This clock may be said to "lick" each lime the 
light flash arrives back at the first mirror. Between ticks the light flash has 
traveled a round-trip distance of 1 meter. Therefore the unit of time between 
ticks of this clock is called / meter of light-travel time or more simply / meter 
of time, (Show that I second is approximately equal to 3 X lO** meters of 
light-travel time.) 

One purpose of the physicist is to sort out simple relations between events 
To do this here he might as well choose a particular reference frame with 
respect to which the laws of physics have a simple form. Now, the force of Simplify p/ckfree/v 
gravity acts on everything near the earth. Its presence complicates the laws of faffmg laboratory 
motion as we know them from common experience In order to eliminate this 
and other complications, we will, in the next section, focus attention on a 
freely falling reference frame near the earth. In this reference frame no gravi- 
tational forces will be felt. Such a gravitation-free reference frame will be 
called an inertial reference frame. Special relativity deals with the classical 
laws of physics expressed with respect to an inertial reference frame. 

The principles of special relativity are remarkably simple. They are very 
much simpler than the axioms of Euclid or the principles of operating an auto- 
mobile. Yet both Euclid and the automobile have been mastered — perhaps 
v;ith insufficient surprise— by generations of ordinary people. Some of the 
Dest minds of the twentieth century struggled with the concepts of relativity, 
not because nature is obscure, but simply because man finds it difficult to out- 
grow established ways of looking at nature. For us the battle has already been 
won. The concepts of relativity can now be expressed simply enough to make 
it easy to think correctly— thus "making the bad difficult and the good easy.^f 
The problem of understanding relativity is no longer one of learning but one of 
intuition—a practiced way of seeing. With this way of seeing, a remarkable 
number of otherwise incomprehensible experimental results are seen to be 
perfectly natural.! 



fEinstein. in a Similar connection, in a letter to the architect Le Corbusier 

tFor a comprehensive set ofreferences to introductory hterature concerning the special theory 
of relativity, together with several reprints of articles, see Special Relativity Theory, Selected 
Reprints, published for the American Association of Physics Teachers by the American Insti- 
tute of Physics, 335 East 45th Street, New York 17, New York, 1963 
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Outside and inside the Elevator 



Albert Einstein and Leopold Infeld 



The law of inertia marks the first great a ivance in 
physics; in fact, its real beginning. It was gained by the 
contemplation of an idealized experiment, a body mov- 
ing forever with no friction nor any other external 
forces actmg. From this example and later from many 
others, we recognized the importance of the idealized 
experiment created by thought. Here again, idealized 
experiments will be discussed. Although these may 
sound very fantastic they will, nevertheless, help us to 
understand as much about relativity as is possible by 
our simple methods. 

We had previously the idealized experiments with a 
uniformly moving room. Here, for a change, we shall 
have a falling elevator. 

Imagine a great elevator at the top of a skyscraper 
much higher than any real one. Suddenly the cable 
supporting the elevator breaks, and the elevatv)r falls 
freely toward the ground.. Observers in the elevator 
are performing experiments during the fall. In describ- 
ing them, we need not bother about air resistance or 
friction, for we may disregard their existence under 
our idealized conditions. One of the obser\'ers takes a 
handkerchief and a watch from his pocket and drops 
them. What happens to these two bodies? For the out- 



side observer, who is looking through the window of 
the elevator, both handkerchief and watch fall toward 
the ground in exactly the same way, with the same 
acceleration. We remember that the acceleration of a 
falling body is quite independent of its mass and that 
it was this fact which revealed the equality of gravita- 
tional and inertial mass (p. 37), We also remember that 
the equality of the two masses, gravitational and in- 
ertial, was quite accidental from the point 01 /iew 
of classical mechanics and played no role in its struc- 
ture. Here, however, this equality reflected m the equal 
acceleration of all falling bodies is essential and forms 
the basis of our whole argument. 

Let us return to our falling handkerchief and watch; 
for the outside observer they are both falling with the 
same acceleration. But so is the elevator, with its wails, 
ceiling, and floor. Therefore: n.i distance between the 
two bodies and the floor will not change. For the in- 
side observer the two bodies remain exactly where 
they were when he let them go. The inside observer 
may ignore the gravitational field, since its source lies 
outside his CS. He finds that no forces inside the ele- 
vator act upon the two bodies, and so they are at 
rest, just as if they were in an inertial CS.' Strange 
things happen in the elevator! If the observer pushes 
a body in any direction, up or down for instance, ic 
always moves uniformly so long as it does not collide 
with the ceiling or the floor of the elevator. Briefly 
speaking, the laws of classical mechanics are valid for 
the observer inside the elevator. All bodies behave in 
the way expected by the law of inertia. Our new CS 
rigidly connected with the freely falling elevator dif- 
fers from the inertial CS in only one respect. In an 
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inerrial CS, a moving body on which no forces are 
acring will move uniformly forever. The inertial CS as 
represented in classical physics is neither limited in 
space nor time. The ca^e of the observer in our elevator 
is, however, different. The inenial character of his CS 
is limited in space and time. Sooner or later the uni- 
formly moving body will collide with the wall of the 
elevator, destroying the uniform motion. Sooner or 
later the whole elevator will collide with the earth 
destroying the observers and their experiments. The 
CS is only z "pocket edition" of a real inertial CS. 

This local character of the CS is quite essential. If 
our imaginary elevator were to reach from the North 
Pole to the Equator, with the handkerchief placed over 
the North Pole and the watch over the Equator, then, 
for the outside observer, the two bodies would not 
have the same -* ' , they would not be at rest 

relative to eacn other. Our whole argument would 
fail! The dimensions of the elevator must be limited 
so that the equality of acceleration of all bodies rela- 
tive to the outside observer may be assumed. 

With this restriction, the CS takes on an inertial 
character for the inside observer. We can at least indi- 
cate a CS in which all the physical laws are valid, even 
though it is limited in time and space. If we imagine 
another CS, another elevator moving uniformly, rela- 
tive to the one falling freely, then both these CS will 
be locally inertial. All laws are exactly the same in both. 
The transition from one to the other is given by the 
Lorentz transformation. 

Let us see in what way both the observers, outside 
and inside, describe what takes place in the elevator. 

The outside observer notices the motion of the ele- 
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vator and of all bodies in the elevator, and finds them 
in agreement with Newton's gravitational law. For 
him, the motion is not uniform, but accelerated, be- 
cause of the action of the gravitational field of the 
earth. 

However, a generation of physicists bom and 
brought up in the elevator would reason quite diff'er- 
ently. They would believe themselves in possession of 
an inertial system and would refer all laws of nature to 
their elevator, stating with justification that the laws 
take on a specially simple form in their CS. It would 
be natural for them to assume their elevator at rest and 
their CS the inertial one. 

It is impossible to settle the differences between the 
outside and the inside observers. Each of them could 
claim the right to refer all events to his CS. Both de- 
scriptions of events could be made equally consistent. 

We see from this example that a consistent descrip- 
tion of physical phenomena in two different CS is pos- 
sible, ev^n if they are not moving uniformly, relative 
to each other. But for such a description we must take 
into account gravitation, building so to speak, the 
"bridge" which effects a transition from one CS to the 
other. The gravitational field exists for the outside ob- 
server; it does not for the inside observer. Accelerated 
motion of the elevator in the gravitational field exists 
for the outside observer, rest and absence of the gravi- 
tational field for the inside observer, 3ut the "bridge," 
the gravitational field, making the description in both 
CS possible, rests on one very important pillar: the 
equivalence of gravitational and inertial mass. Without 
this clew, unnoticed in classical mechanics, our present 
argument \ Mjld fail completely. 



Oot Mu\ Insifio tho Elevator 



Now for a somewhat different idealized experiment. 
There is, let us assume, an inertial CS, in which the 
law of inertia is valid. We have already described what 
happens in an elevator resting in such an inertial CS. 
But we now change our picture. Someone outside has 
fastened a rope to the elevator and is pulling, with a 
constant force, in the direction indicated in our draw- 
ing. It is immaterial how this is done. Since the laws of 
mechanics are valid in this CS, the whole elevator 
moves with a constant acceleration in the direction of 
the motion. Again we shall listen to the explanation of 




phenomena going on in the elevator and given by both 
the outside and inside observers. 

The outside observer: My CS is an inertial one. The 
elevator moves with constant acceleration, because a 
constant force is acting. The observers inside are in 
absolute motion, for them the laws of mechanics are 
invalid. They do not find that bodies, on which no 
forces are acting, are at rest. If a body is left free, it 
soon collides with the floor cf the elevator, since the 
floor moves upward toward the body. This happens 
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exactly in the same way for a watch and for a handker- 
chief. It seems very strange to me that the observer 
inside the elevator must always be on the **floor" be- 
cause as soon as he jumps, the floor will reach him 
again. 

The inside observer: I do not see any reason for be- 
lieving that my elevator is in absolute motion. I agree 
that my CS, rigidly connected with my elevator, is not 
really inerrial, but I do not believe that it has anything 
to do with absolute motion. My watch, my handker- 
chief, and all bodies arc falling because the whole ele- 
vator is in a gravitational field. I notice exactly the 
same kinds of motion as the man on the earth.. He 
explains them very simply by the action of a gravita- 
tional field. The same holds good for me. 

These two descriptions, one by the outside, the other 
by the inside, observer, are quite consistent, and there is 
no possibility of deciding which of them is right. We 
may assume either one of them for the description of 
phenomena in the elevator: either nonuniform mo- 
tion and absence of a gravitational field with the out- 
side observer, or rest and the presence of a gravitational 
field with the inside observer. 

The outside observer may assume that the elevator 
IS in "absolute" nonuniform motion. But a motion 
which is wiped out by the assumption of an acting 
gravitational field cannot be regarded as absolute mo- 
tion. 

There is, possibly, a way out of the ambiguity of two 
such different descriptions, and a decision in favor of 
one against the other could perhaps be made. Imagbe 
that a light ray enters the elevator horizontally through 
a side window and reaches the opposite wall after a 



very short time. Again let us see how the path of the 
light would be predicted by the two observers. 

The outside observer^ believing in accelerated mo- 
tion of the elevator, would argue: The light ray enters 
the window and moves horizontally, along a straight 
line and with a constant velocity, toward the opposite 
wail. But the elevator moves upward and during the 
time in which the light travels toward the wall, the 
devator changes its position. Therefore, the ray will 
meet a point not exactly opposite its point of entrance, 
but a little below.. The difference will be very slight, 
but it exists nevertheless, and the light ray travels, rela- 
tive to the elevator, not along a straight, but along a 




slightly curved line. The difference is dye to the dis- 
tance covered by the elevator during the time the ray 
is crossing the interior. 

The inside observer^ who believes in the gravitational 
field acting on all objects in his elevator, would say: 
there is no accelerated motion of the elevator, but only 
the action of the gravitational field. A beam of light is 
weightless and, therefore, will not be affected by the 
gravitational field. If sent in a horizontal direction, it 
will meet the wall at a point exactly opposite to that at 
which it entered. 



It seems from this discussion that there is a possibility 
of deciding between these two opposite points of view 
as the phenomenon would be different for the two ob- 
senders. If there is nothing illogical in either of the 
explanations just quoted, then our whole previous ar- 
gument is destroyed, and we cannot describe all phe- 
nomena in two consistent ways, with and without a 
gravitational field. 

But there is, fortunately, a grave fault in the reason- 
ing of the inside observer, which saves our previous 
conclusion. He said: "A beam of light is weightless 
and, therefore, it will not be affected by the gravita- 
tional field." This cannot be right! A beam of light 
carries energy and energy has mass. But every inertial 
mass is attracted by the gravitational field as inertial 
and gravitational masses are equivalent. A beam of light 
will bend in a gravitational field exactly as a body 
would if thrown horizontally with a velocity equal to 
that of light. If the Inside observer had reasoned cor- 
rectly and had taken into account the bending of light 
rays in a gravitational field, then his results would have 
been exactly the same as those of an outside observer. 

The gravitational field of 'ihe earth is, of course, too 
weak for the bending of light rays in it to be proved 
directly, by experiment. But the famous experiments 
performed during the solar eclipses show, conclu- 
sively though indirectly, the influence of a gravitational 
field on the path of a light ray. 

It follows from these examples that there is a well- 
founded hope of formulating a relativistic physics. But 
for this we must first tackle the problem of gravitation. 

We saw from the example of the elevator the con- 
sistency of the two descriptions. Nonuniform motion 



may, or may not, be assumed. We can eliminate "abso- 
lute" motion from our examples by a gravitational fields 
But then there is nothing absolute in the nonuniform 
motion. The gravitational field is able to wipe it out 
completely. 

The ghosts of absolute motion and inertial CS can 
be expelled from physics and a new relativistic physics 
built. Our idealized experiments show how the prob- 
lem of the general relativity theory is closely con- 
nected with that of gravitation and why the equiv- 
alence of gravitational and inertial mass is so essential 
for this connection. It is clear that the solution of the 
gravitational problem in the general theory of rela- 
tivity must differ from the Newtonian one. The laws 
of gravitation must, just as all laws of nature, be formu- 
lated for all possible CS^ whereas the laws of classical 
mechanics, as formulated by Newton, are valid only 
in inertial CS. 



' i Einstein and some Civilized Discontents 
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The French novelist Stendhal began his most 
brilliant novel with this sentence: "On May 15, 
1796, General Bonaparte made his entrance into 
Milan at the head of that youthful army which 
had just crossed the bridge of Lodi, and taught 
the world that aiter so many centuries Caesar 
and Alexander had a successor." In its military 
context, the quotation is irrelevant here, but it 
can be paraphrased a bit: almost exactly a cen- 
tury later Milan saw the arrival of another young 
foreigner who would soon teach the world that 
after so many centuries Galileo and Newton had 
a successor. It would, howe\er, have taken super- 
human insight to recogni/e the future intellectual 
conqueror in the boy of fifteen who had just 
crossed the .A'ps from Munuh. For this boy, 
Albert Einstein, whose name was to become a 
symbol for profound scientific insight, had left 
Munich as what we would nov/ call a high-school 
dropout, 

He had been a slow child; he learned to speak 
at a much later age than the average, and he 
had shown no special ability in elementary school 
-except peihaps a talent for day-dreaming. The 
education offered at his secondary school in Mu- 
nich, one of the highly praised classical gymnasia, 
did not appeal to him. The rigid, mechanical 
methods of the school appealed to him even less. 
He had already begun to develop his own intel- 
lectual pursuits, but the stimulus for them had 
not come from school. The mystery hidden in 
the compass given to him when he was five, the 
clarity and beauty of Euclidean geometry, discov- 
ered by devouring an old geometry text at the 
age of twelve— it was these things that set him on 
his own road of independent study and thought. 
The drill at school merely served to keep him 
from his own interests. When his father, a small 
and unsuccessful manufacturer, moved his busi* 
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ness and his family from Munich to Milan, Albert 
Einstein was left behind to finish his schooling 
and acquire the diploma he would need to insure 
his future. After some months, however, Einstein 
was fed up witli school, and resolved to leave. 
His leaving was assisted by the way in which his 
teachers reacted to his attitude toward school. 
"Vou will never amount to an) thing, Einstein," 
one of them said, and another actually suggested 
that Einstein leave school because his very pres- 
ence in the classroom destroyed the respect of the 
students. This suggestion was gratefully accepted 
by Einstein, since it fit so well with his own 
decisions, and he set off to join his family in 
Milan. The next months were spent gloriously 
loafing, and hiking around northern Italy, enjoy- 
ing the many contrasts with his homeland. With 
no diploma, and no prospects, he seemed a very 
model dropout. 

It is sobering to think that no teacher had 
sensed his potentialities. Perhaps it suggests why 
I have chosen this subject in talking to this gath- 
ering of physics teachers seriously devoted to 
improving education in physics, and devoted in 
particular to a program aimed at the gifted 
student of our science— at his early detection and 
proper treatment. For what I really want to do 
is to highlight some aspects of Einstein's career 
and thought that stand in sharp contrast to a 
number of our accepted ideas on education and 
on the scientific career. The first matter we must 
reckon with is Einstein's own education and the 
way it affected him; but let me carry the story 
a little further before raising some questions. 

Einstein had dropped out of school, tut he had 
not lost his love for science Since his family's 
resources, or lack of them, would make it neces* 
sary for him to become self-supporting, he decided 
to go on with his scientific studies in an official 
way. He, therefore, presented himself for admis- 
sion at the renowned Swiss Federal Institute of 
Technology in Zurich. Since he Iiad no high- 
school diploma he was given an entrance exam* 
ination— and he failed. He had to attend a Swiss 
high school for a year in order to make up his 



deficiencies in almost eveiytliing except mathe- 
matics and plnsjcs, the subjects of his own private 
study. And then, when he was finally admitted 
to the Polytechnic Institute, did he settle down 
and assume what we would considei to be Ins 
rightful place at the head of the class? Not at all. 
Despite the fact that the courses were now almost 
all in niatheniatKS and physics. Einstein cut most 
of the lectures. He did enjoy working in the lab- 
orator), but he spent most of his time in his 
room stud>ing the original works of the masicis 
of nineteenth-century physics, and ponde'^ing 
what they set forth 

The lectures on advanced mathematics d not 
hold him, because in those d^iys he saw no need 
or use for higher mathematics as a tool for grasp- 
ing the structure of nature, liesides, mathematics 
appealed to I>e split into so many branches, each 
of which could absorb all one's time and energy, 
that he feared he could never have (he insight 
to decide on one of thcni, the fundamental one 
He would then be in the position of liuridan's 
ass, who died of hunger because he could not 
decide whidi bundle c>f hav he should eat. 

Ph\sics presented no such problems to Kinstcin, 
e\en then As he wiote many >ears later: "True 
enough, physics was also divided into sepaiate 
fields, each of which could de\oui a shoit working 
life without having satisfied the hunger for deeper 
knowledge , iUu in plusics I soon learned to 
scent out the paths that led to the depths, and 
to disregard evei\ thing else, all the main things 
that clutter up the mind, and diveit it from the 
essential 'I'he liitdi in this was, of couise, the 
fact that one had to cram all this stud into one's 
mind for the examination, whethci one liked it 
or not." 

That was indeed the rub Kinstein had recon- 
ciled himself to being only an average scholar 
at the Poh technic. He knew that he did not have 
and could not. or perhaps would not, acquiie 
the traits of the ouistanduig student: the easv 
facility in ccmiprehension, the willingness to con- 
ceniiaie one's energies on all the lequiied sub- 
jects, and the orderliness to take good notes .md 
work them o\er propeily. Fortunately, however, 
the Swiss system required only two examinations. 
Even more ioriumitely Einstein had a dose friend. 
Marcel Giossniann, who possessed just the qual- 
ities that Kinstein lacked, and who geneiousK 
shared his excellent systematic notes with his nori- 
conforming comrade So Einstein was able to 
follow his own line of stud), and still succeed in 
the exarns by doing some appropriate cramming 
from Grossman n's notes. This success left more 
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than a bad taste in his mouth. As be put it, 
"It had such a deterring effect upon me that, 
after I had passed the final examination, I found 
the consideration of any scientific problems dis- 
tasfeful to me for an entire \eai " .\nd he »^ent 
on to ^ay. "It is lirtle short of a miracle that 
mocle»n methods of instruction ha\e not already 
corr^.pieteiy strangled the holy curiosity of inquiry, 
because what ihrs delicaie little plant needs most, 
apart from initial stimulation, is freedom; with- 
out that It IS surely destroved .1 believe that 
one could e\en deprive a healthy beast of prey 
of Its \oiac lous less, li one could force it with a 
whip to eat continuously whether it ueie hungry 
or not 

Thh is strong language. Should we take it 
perscmally.^ (.ould it be meant for us, for the 
teachers responsible for an educational system of 
achievement tests, pieliniinar) college boards, col- 
lege boards, national scholarships, grade point 
averages, graduate record exams. PhD qualifying 



exams— a system ihat stans earlier and e.iilier 
and ends later and later n) our students' careers? 
Could this systcn) be dulling the appetites of our 
\oung nucllcctiial tigers'" Is it posS!!)le that our 
students need more time to da\ -dream rather than 
njore hours in (he school da)'" That the relentless 
pressure of our educational s\ >tcni 'iiakes e\ery- 
thing only a step toward something else anci 
nothing an end in itself and an object of pleasure 
and contemplation? 

For almost two years after his graduation fron) 
tl)e Pohtechmc ni MlOO Einstein seemed to be 
headed for no njore success than his earlier history 
as .t dropout might ha\e suggested. He applied 
for an assistantship, l)i t it went to someone else. 
During this penod he managed to subsist on the 
odtl jobs of the learned world, he su!)stitute(i for 
a Swiss hjgh'school teaches who was doing his 
two months of mdit.irv ser\ice. he helped the 
professor of astronom\ with sonje cah ulations. he 
tutoied at a bc)\s' school Finalb. in the spring 
of 1902, Einstein's gooil fiienti Maitel (irossmann, 
"the iireproathablc student". c.)n)e to his rescue 
Grossnjann's fathei rcconjnjendcd Emsten) to the 
director of the Swiss Patent OHue at Reine. and 
after a searching examm.it'on he was appointed 
to .1 position .IS patent ex.ujjiner lie held this 
position for o\er seven \ears and often referred 
to It in later \eais as kind of sal\ation*' It 
freed him from financial worries: he found the 
work lathcr inteiesting. and sonjciinjes it served 
as a stimulus to his scientific imagination And 
besides, it occuj)iecl onb eight houis of the clay, 
so tliat theie was plent\ of time left free for 
pondering th'; riddles of the um\eise 

In his spaie tinje duiing those seven \ears at 
Berne, the >onng patent e\aimnei wrought a 
series of scientific njiracles: no weakei word is 
adecpi.Jte He did nothing less than to lay out 
tl)e main lines along which twentieth •century 
theoretical physics has developed. \ \cry brief 
list will have to suffice. He !)egan by working 
out the sul)ject of statistical mech.iniis cpiite incle- 
penclently and without knowing of the work of 
J. Wilbrcl Oibbs He also took this subject seri- 
ously ..1 a way that neither Gi!)bs noi Bolt/mann 
had ever clone, since he used it to gi\c* the theo- 
retical basis for a final proof of the atomic 
nature of mattei His leflections on the |)ioi)lenJs 
of the MaxwellJ.orent/ elettrochn.nnics led In'ni 
to cieate the special theoiy ol ielati\it\. Before 
he left Berne he liaci formulated the principle 
of eqiii\alencc and was struggling with the prob- 



lems of gra\ itation which he later sohcd with 
the general theory of relati\it\. And. as if these 
were not enough, Einstein introduced another 
new ide.i into phvsics, one that e\en he described 
as "very re\olutionaiy*\ tlie idea that ligiit con- 
sists of particles of eneig\. Following a line c)f 
reasoning related to but (piite c!istinct Irom 
Planck's, Einstein not onh introduced the light 
cjuantum hypothesis, l)ut proceeded almost at 
cnc e to explore its implications for phenomena 
as cli\erse as photocliemisti y and the tempeiature 
dependence of the specific heat of solids 

What is more, Einstein did all this completely 
on his own. with no academic connections what- 
soever, and with essentially no contact with the 
elders of his profession ^'ears later he remarked 
to Leopold Infelcl that until he was almost thirty 
he had never seen a real tlieoretical plusicist To 
uhich. of couise, we should add the phrase (as 
Infelcl almost did aloud, and as Einstein would 
ne\er ha\e clone) "except in the mirror'" 

I Mipj)ose that some c)f us might be tempted 
to wondei wb;it Einstein might have dc)ne during 
those se\en \eais, if he had been able to woik 
"under realK fa\orable conditions", full time, at 
a majoi imi\crsity, instead of being restiicted to 
spare time activity while earning his li\ing as a 
miiior civil sei\ant. We should resist the tempta- 
tion 0111 speculations would be not onh liuitless, 
but completely unfounded. For not only did 
Einstein not regiet his lack of an academic post 
in these yearb, he atttially consideied it a leal 
acbaniage, "For an academic career puts a >c>ung 
man into a kind of eml)anassing position," he 
wrote shortly befoie bis death. "b\ lecjuiiing him 
to produce scientific publications in impiessi\e 
cjuantity— a scduc tion into siipei ficiality whic h 
only stiong chaiatters ar** able to withstand. Most 
piactical c)ccu})ations, hc)we\er, are of such a 
nature that a man of normal ability is able to 
accomplish what is expected of him. His day-to- 
clay existence tloes not depend on any spec ial 
illuminations. If he has cicepei scientifie interests 
he may plunge into his f.uorite ))ic)l)lems in ad- 
dition to doing his lecpiiicd work. He need not 
be oppiessed b\ the feai that his efforts may lead 
to no results. I owed it to .Maicel (»iossmann 
that I u.is in such .i iortiin.ite position." 

These ueic no casual leinarks* forty years 
cailier 1 insicin had told .M.i\ Horn not to uoii\ 
about plac ing a gifted student in an acaden)ic 
position. Let him be a cobbler or .i locksmith: 
if he really has a lo\e foi science in his blood 
and if he's really uoith anything, he will make 
his own way. (Of couise, Einstein then ga\e what 
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hclj) he could in piac in^; ilic young man.) Einstein 
Was c\cu :i liiilc iclnciani about accepting a rc- 
scauh piolcssoiship .it hcihn, p.u tly because 
Prussian rigidity and academic bouigcois h*fc 
>veie not to his Hobennati t:islc. Hut he was also 
reluctant because he know \er) well that su<h 
a rcsoaidi piofe>sor ujs expected to be a sou of 
prize hen, and he did not want t\) guir.uitee 
that he would la\ any nioie golden eggs. 

It ui!l not h.ne esfape(* )()in notice that 
Einstenrs \iews (in leseaidi and the natuic of a 
scientific career (blfei shaiply from those uhidi 
aie standaid ni the sdentihc (onununity. Xo 
doubt sorie of this dilfeience in attitude leHects 
onh I i:,steni \ unicpieh Nohiar> natuie. It i\ hard 
to imagine an\one else seiiously suggesting as he 
did. that a position as lighthouse keepei nu'ght 
be suitable for a scientist. Most scientists feel the 
need to test then ideas on their peeis, and often 
to foim these ideas in the gi\e and take of dis- 
cussions, as anuMig then most urgent needs One 
may stdl cpiestion the necessit\ of Js main meet- 
ings as we find announced in Phyurs Todtix, and 
one nuN cpiestion e\en nioie insistemly the ne- 
cessitN of lepoitmg on each and publishing its 
pioceediiigs as if it weic the first Sobay Congiess 
iijeif 

More seiious is the attitude that c\ery >ouiig 
man of scientific abilit\ can daiin the right to 
a position as prize lien "Ooing research" has 
become the hallowed acti\it\ in the academic 
^vorId, and, as Jaccpies Har/un has put it. ' To 
suggest that praiiice, c^r teaching, or reflect ioii 
might be piefe-red is blasphemy." I do not need 
to rcemphasi/e Einstein's remain on the pul)lisli- 
or-perish policy that corrupts one aspect of aca- 
demic life. I would, iioweNcr, like to remaik 



parentbeticalb th^t I am ahsaNS astonished when 
lollrge adnnnistiators and Jepaitment heads 
claim that it is teiiibh difTuult. \iuualh impos- 
sible to judge the (pialitN of a m.urs teaching, 
but ne\ei doubt their abilit\ to e\:duate the 
results of Ins reseaich This is astonisliing because 
any honest uncleigradiiate can Ri\e a rat!ier fanny 
and usualK accurate appi.iisal of the teaching he 
is MibjcctccI to, but judging the cpiality ol a sci- 
entifu paper generalb ux leases in cbflicult\ with 
the oiiginaht) of the uoik lepoitcd. linsiein's 
h\poth(Ms (>( hgiit cpianta, foi esamplc. uas con- 
sideicd as wildb ofl the maik. as at best a par- 
donable excess in an othcruise sound thinkci. 
even i>y Tlaiick a dc<ade after it uas intioduccd. 

The wa\ in which phxsics is taught is deeply 
influenced by our \icws of bow and uh\ plnsics 
is done. !-iiisiein. who was skeptical about the 
piofessionali/ation of research, u.is ^msueiMng in 
his puisuit of fundamental undeistanding. he 
was a natuial philosopher in the fullest sense of 
that old teiin. aihl he had no gicat lespect for 
those who tieated science as a game to be pla\ed 
for one's peisonal satisfac tion. or tbc^e who 
sobed problems to demonstrate and maintain 
their intellectual \ntuosit\ li plnsics is \iewecl 
in l*instein\ way. it follows that it should be 
taught as .1 diama of ideas and not as a battciv 
of technicpies. It follows too that tbeie should 
be an emphasis on the e\olution of ideas, on 
the histor\ of oui attempts to undei stand the 
pliNsical world, so that oui stude.its .iccjuiie some 
perspccti\c and realize that, in Einstein's uords, 
"the piescnt position c-f science can ha\e no last- 
ing significance." Oo we kec-p this bbeial view 
of our science, oi is it lost in ubat we call nec- 
essary preparation for giaduate woi k and research? 

One last theme that cannot be ignored uben 
We '.peak of Finstein is that of the scientist as 
c itizeii Einstein's ac ti\e and coui agcous lole in 
public affairs is wicleb known, .md it absoibed a 
substantial fraction of his efhnts for fort\ \eais. 
He stepped onto the pul)lic st.igc early and in 
characteiistic st\le. In Ociohei PM-I. two n:onths 
after the outbp'ak of the First World War, a 
document uas issued in lierlin beaiing the gr.m- 
diose title. Manifesto to the Ci\ilized Woild: it 
(ariied the signaiuies almost a hundred of 
Gciniany's most pronn'nen: ^'entisis. artists, men 
of letters, cleig\men, etc I his manifesto pic»- 
tl.iimed its signers' full support of Germany's war 
effoit. denounced the opponents of the fatherland, 
and defiantly asserted that German militarism and 
German culture foimed an mseparal)le unity. 
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Noi Crcnn.in inicllci luals appiosrd (liis di.iu- 
MinsiK (lodinu-in. i)in .wnon^ ihc \a\ (cu 
wcic uilhng to si^u ;i sh.ifpK uonlcd ansucr 
(.illin^ for .in end to w.ir .ind an iiiicinaiional 
oigani/.iJioii. Kas Albert hinMciii I he hiphh un- 
popular st.uui (h.ii lie look in MM } xpic^^cd a 
vIccpH' icli con\i(i'ion, oik* on wliidi he ancd 
tlnouj^nouf his hfc, rcj^jidlcss of ilic ( onsc<prcn( cs 
lo hnnsclf Outing (lie ceding (lc(.i(!es KinMcin 
<ic\ou'(l a gical deal of Ins enerj;y ro die rauses 
in \vhi(h he hehcved. lending his nanu* lo many 
oigani/.mons whuh he fell (ould (unher diese 
causes ()onir.ii\ to die \ leu held in some (irdes. 
however. Krisiein (.uefulK (onsideied eadi s>gna- 
Uiie dial he inscnhed on a peiiiion. eadi poliiual 
use dial he ni.ide o( die name dial had become 
renowned for srienidu reasons, and ofic icf'ased 
his MippoM lo org.uii/aiions ihat aiiempied lo 
soluii it. 

Mis publif siaienients became e\en more fre- 
(juent and more outspoken in the \cars after the 
Se(c)nd World War. as he put all his u<*ighi 
behind the cfTort to :idiieve a world government 
and to abolish w.ir orue and for al! l iristein 
was among those who lia\e been trying to impress 
upon the world the \er\ real likelihood that an- 
other war would destroy ri\ ili/:.*«ori and perhaps 
humanity as well. He was not overly optimistic 
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about Ills elloris, bu» ilu*\ had to bt made. He 
also irli ih.u h(* h.id to speak oni. Ioudl\ and 
( leai l\. (lui ing the Mi (..irilu e'.i. uiging iiiiel- 
le(iuals to adopt the riieiiiod of (im) disoi>edi( n< e 
as pia.iKed earlier b\ C*andht (and late? b\ 
Martin I.uiher King) \s he wtoie in an open 
letter, "KNers iritelle( iiial who is (alle<I before one 
of the (Oinriiiitees ought to ielus( to i('*id\. i <* . 
he must be prep.iied for jail and e<onomir ruin, 
in ^hoit. fo! tli«* s.unfue of Ins person d velfare 
in tile iriieiesi of the (ul:ural v. Hare of his 
(ouiUiN ' If sudi a piogr.nii \\vi( not arlopied 
then, u rote Kinsiein. "the iiiiellec luals of ihiv, 
(oiiri;r\ descT\e nothing better ih.m the sla\ei) 
whidi IS intended for them." 

It IS (pnie eMdeni ihn I-irisieiri .ippioa< licd 
politual and social (piesiions as a man ulu) (ori- 
>ideie(l himself outside the I-stablishnient lie had 
a very strong sense of responsibility to his (orr- 
s(ieri(e. but lie did not feel obliged to .i<(ept 
all the restrutions that 'Odeiy exjieds of a "le- 
sporisibie spokesman" i Ins approac h is neith.er 
possible nor a})propriaie for toda\'s le.i<hng s< i- 
entists who are (oristanth serMug as s<i<MUifie 
statesmen— as ad-isers to the or the Depart- 

ment of Defense, oi major (oi poratioiis. or e\en 
the President. Such men are in no position to 
adopt Kinstein's ( ritic .d siaru e. e\eri if thes 
wanted to At tins time, wl '^n (le.ue recpiiies 
.irid re(ei\es sudi large-s(ale sin ^>ort. it seems thaf 
we have all gi\eri more hosrage^ o forti.ne than 
we ni.iy reali/e 

One of Einstein's last public statements w.is 
made in .niswer to a re(piest that he ( oinriieni 
on the situation oi s( ientists in Amer i( a He 
wrote: "Instead of tr\irig to .nialwe the problem 
I should like to express my feeling in a short 
remark. If I were a >oung tnari ag.nri and fiad 
(o decide how to ni.ike a li\irig. I w(nild not 
try to be( oine a s( ientist or s( holar' or tc.u her 
I would rather dioose to be a plumber or a 
peddler, in the hope of finding ihut modest degree 
of independence still av.iil.ible under present 
circuriist.irKes." 

We may wonder how literally he irie.mt this 
to be takeji, but we (aniiot help feeling the for(C 
of the affront to our entire iiistitutionali/cd life 
of die iiitellec t 

As we pride oursehes on the suKess of ph\sics 
and physicists in today's world, let us not forget 
that it W.IS jirst that sik (ess and the way m 
which it was a(hie\ed that was repudiated i)y 
Einstein. And let us not forget to ask why it 
may tell us something worth knowing about oui- 
seives and our society. 
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The Teacher and the Bohr Theory of the Atom 

Charles Percy Snow 



Then one day, just before we broke up for Christmas, 
Luard came into the class-room almost brightly. 

We're not going into the laboratory this morning," 
he said. "Tm going to talk to you, my friends," He used to 
say my friends " whenever he was lashing us with his tongue, 
but now it sounded half in earnest. "Forget everything 
you know, will you? That is, if you know anything at all." 
He sat on the desk swinging his legs. 

"Now, what do you think all the stuff in the vvorld is 
made of? Every bit of us, you and me, the chairs in this 
room, the air, ever>'thing. IS'o one knows? Well, perhaps 
that's not surprising, even for nincompoops like you. Because 
no one did know a year or two ago. But now we're beginning 
to think we do. That's what I want to tell you. You won't 
understand, of course. But it'll amuse me to tel! you, and it 
won't hurt you. I suppose — and anyway I'm going to." 

Someone dropped a ruler just then, and afterwards the 
rcom was very quiet. Luard took no notice and went on: 
"Well, if you took a piece of lead, and halved it, and halved 
the half, and went on like that, where do you thirk you'd 
come to in the end? Do you think it would be lead for ever? 
Do you think you could go down right to the infinitely small 
and still have tiny pieces of lead? It doesn't matter what you 
think. My friends, you couldn't. If you went on long enough, 
you'd come to an atom of lead, an atom, do you hear, 
an atom, and if you split that up, you wouldn't have lead 
an> more. What do you think you would have? The answer 
to that is one of the oddest things you'll ever hear in your 
life. If you split up an atom of lead, you'd get — pieces of 
positive and negative electricity. Just that. Just positive 
and negative electricity. That's all matter is. That's all you 
are. Just positive and negative electricity — and, of course, 
an immortal soul." At the time I was too busy attending to 
his story to observe anything else; but in the picture I have 
formed later of Luard, I give him here the twitch of a smile. 
"And whether you started with lead or anything else it 



wouldn't matter. That's all you'd come to in the end. Posi- 
tive and negative electricity. How do things differ then? 
Well, the atoms are all positive and negative electricity and 
they're all made on the same pattern, but they vary among 
themselves, do you see? Every atom has a bit of positive 
electricity in the middle of it— the nrxleus, they call it— 
and every atom has bits of negative electricity going round 
the nucleus— like ph.nets round the sun. But the nucleus 
is bigger in some atoms than others, bigger in lead than it is 
in carbon, and there are more bits of negative electricity 
in some atoms than others. It's as though you had different 
solar systems, made from the same sort of materials, some 
with bigger suns than others, some with a lot more planets. 
That's all the difference. That's where a diamond's different 
from a bit of lead. That's at the bottom of the whole of this 
world of ours." He stopped and cleaned his pince-nez, and 
talked as he swung them: 

"There you are, that's the way things are going. Two 
people have found out about the atoms; one's an English- 
man, Rutherford, and the other's a Dane called Bohr. And 
I tell you, my friends, they're great men. Greater even than 
Mr. Miles"— I flushed. I had come top of the form and this 
was his way of congratulating me— "incredible as that may 
seem. Great men, my friends, and perhaps, when you're 
older, by the side of them your painted heroes, your Caesars 
and Napoleons, will seem like cocks crowing on a dune- 
heap." 

I went home and read everything I could discover about 
atoms. Popular exposition was comparatively slow at that 
time, however, and Rutherford's nucleus, let alone Bohr's 
atom, which could only have been published a few months 
before Luard's lesson, had not yet got into my Encyclopjedia. 
I learned something of electrons and got some idea of size; I 
was fascinated by the tininess of the electron and the 
immensity of the great stars: I became caught up in light- 
years, made time-tables of a journey to the nearest star (in the 



Encyclopaedia there was an enthralling picture of an express 
train going off into space at the speed of light, taking years 
to get to the stars). Scale began to impress me, the in- 
finitesimal electronic distances and the vastness of Aldebaran 
began to dance round in my head; and the time of an elec- 
tronic journey round the nucleus compared itself with the 
time it takes for light to travel across the Milky Way. Distance 
and time, the infinitely great and the infinitely small, electron 
and star, went reeling round my mind. 

It must have been soon after this that I let myself seep 
in the fantasies that come to many imaginative children 
nowadays. Why should not the electron contain worlds 
smaller than itself, carrying perhaps inconceivably minute 
replicas of ourselves? *They wouldn't know they're small. 
They wouldn't know of us,' I thought, and felt serious and 
profound. And why should not our world be just a part of 
an electron in some cosmic atom, itself a part of some 
gargantuan world? The speculations gave me a pleasant 
sense of philosophic agoraphobia until I was about sixteen 
and then I had had enough of them. 

Luard, who had set me alight by half an hour's talk, did 
not repeat himself. Chemistry lessons relapsed once more into 
exercises meaningless to me, definitions of acids and base 
which I learned resentfully, and, as we got further up the 
school, descriptions of the properties of gases, which always 
began colourless, transparent, non-poisonous." Luard, 
who had once burst into enthusiasm, droned out the de- 
finitions or left us to a text-book while he sat by himself 
at the end of the laboratory. Once or twice there would be a 
moment of fire; he told us about phlogiston— "that should 
be a lesson to you, my friends, to remember that you can 
always fall back on tradition if only you're dishonest 
enough and Faraday—'* there never will be a better scientist 
than he was; and Davy tried to keep him out of the Royal 
Society because he had been a laboratory assistant. Davy 
was the type of all the jumped-up second-raters of all time." 



The New Landscape of Science 

Banesh Hoffmann 



Let us now gather the loose threads of our thoughts and see 
what pattern they form when knit together. 

We seem to ghmpse an eerie shadow world lying beneath 
our world of space and time; a weird and cryptic world which 
somehow rules us. Its laws seem mathematically precise, and 
its events appear to unfold with strict causality. 

To pry into the secrets of this world \/e make experiments. 
But experiments are a clumsy instrument, afflicted with a fatal 
indeterminacy which destroys causality. And because our 
mental images are formed thus clumsily, wc may not hope to 
fashion mental pictures in space and time of what transpires 
within this deeper world. Abstract mathematics alone may try 
to paint its likeness. 

With indeterminacy corrupting experiment and dissolving 
causality, all seems lost. We must wonder how there can be a 
rational science. Vv^c must wonder how there can be any- 
thing at all but chaos. But though the detailed workings of the 
indeterminacy lie hidden from us, we find therein an astound- 
ing uniformity. Despite the inescapable indeterminacy of 
experiment, we find a definite, authentx residue of exactitude 



and dctcrminacy. Compared with tlic detailed determinacy 
claimed by classical science, it is a meager residue indeed. But 
it is precious exactitude none the less, on which to build a 
science of natural law. 

llie verj' nature of the exactitude seems a paradox, for it is 
an exactitude of probabilities; an exactitude, indeed, of wave- 
like, interfering probabilities. But probabilwies are potent 
tilings— if only they are applied to large numbers. Let us see 
what strong reliance may be placed upon them. 

When we toss a coin, the result may not be predicted, for 
it is a matter of chance. Yet it is not entirely undetermined. 
We know it must be one of only two possibilities. And, more 
important even than that, if w^e toss ten thousand coins we 
know we may safely predict that about half will come down 
heads. Of course we might be wrong once in a very long 
while.. Of course we are taking a small risk in making such a 
prediction. But let us face the issue squarely, for we really 
place far more confidence in the certainty of probabilities than 
we sometimes like to admit to ourselves when thinking of them 
abstractly. If someone offered to pay two dollars every time a 
coin turned up heads provided we paid one dollar for every 
tails, would we really hesitate to accept his offer? If we did 
hesitate,, it would not be because we mistrusted the probabili- 
ties. On the contrar)^ it would be because we trusted them so 
well we smelled fraud in an offer too attractive to be honest. 
Roulette casinos rely on probabilities for their gambling prof- 
its, trusting to chance that, in the long run, zero or double 
zero will come up as frequently as any other number and thus 
guarantee them a steady percentage of the total transactions. 
Now and again the luck runs against them and they go broke 
for the evening. But that is because chance is stil) capricious 



when only a few hundred spins are made. Insurance companies 
also rely on probabilities, but deal with far larger numbers. One 
does not hear of their ever going broke. Tliey make a hand- 
some living out of chance, for when precise probabilities can 
be found, chance, in the long run, becomes practical certainty. 
Even classical science built an elaborate and brilliantly suc- 
cessful theory of gases upon the seeming quicksands of prob- 
ability. 

In the new world of tlie atom we find both precise proba- 
bilities and enormous numbers, probabilities tliat follow exact 
mathematical laws, and vast, incredible numbers compared 
with which the multitude of persons cr.rrj'ing insurance is as 
nothmg. Scientists have determined the weight of a single 
electron. Would a million electrons weigh as nuicli as a feather, 
do you think? A million is not large enough. Nor even a billion. 
Well, surely a million billion then. No. Not even a billion 
billion electrons would outweigh the feather. Nor yet a million 
billion billion. Not till wc have a ])illion billion iMllion can we 
talk of their weight in such everyday terms. Quantum 
mechanics having discovered precise and wonderful laws gov- 
erning the probabilities, it is with numbers such as these that 
science overcomes its handicap of basic indeterminacy. It is 
by this means that science boldly predicts, lliough now hum- 
bly confessing itself powerless to foretell the evict "uchavior 
of individual electrons, or photons, or other fimdamental 
entities, it )cc can tell with enonnous confidence how such 
great multitudes of tliem must behave preciselv. 

But for all this mass precision, we are only liiiinan if, on 
first hearing of the breakdown of determinac\ in fundamental 
science, we look back longingly to the good old classical days, 
when waves were waves and particles jiarticles, when the work- 



ings of nature could be readily visualized, and the future was 
predictable in every individual detail, at least in theory. But 
the good old days were not such happy days as nostalgic, rose- 
tinted retrospect would make them seem. Too many contradic- 
tions flourished unresolved. Too many well-attested facts played 
havoe with their pretensions. ITiose were but days of scientific 
childhood, lliere is no going back to them as they were. 

Nor may we stop with the world we -have just described, if 
we are to round out our story faithfully. To stifle nostalgia, we 
pictured a world of causal law lying beneath our world of space 
and time. While important scientists seem to feel that such 
a world should exist, many others, pointing out that it is not 
demonstrable, regard it therefore as a bit of homely mysticism 
added more for the sake of comfort than of cold logic. 

It is difficult to decide where science ends and mysticism 
begins. As soon as we begin to make even the most elementary 
theories we arc open to the charge of indulging in metaphysics. 
Yet theories, however provisional, are the very lifeblood of 
scientific progress. We simply cannot escape metaphysics, 
though we can perhaps overindulge, as well as have too little. 
Nor is it feasible always to distinguish good metaphysics from 
bad, for the ''bad*' may lead to progress where the ''good" 
would tend to stifle it. Wlien Columbus made his historic 
voyage he bclie\'cd he was on his westward way to Japan. Even 
when he reached land he thought it was part of Asia; nor did 
he live ro learn otherwise. Would Columbus have embarked 
upon his hazardous journey had he known what was the true 
westward distance of Japan? Quantum mechanics itself came 
partly from the queer hunches of such men as Maxwell and 
Bohr and de Broglic. In talking of the meaning of quantum 
mechanics, physicists indulge in more or less mysticism accord- 



ing to their individual tastes. Just as different artists instinc- 
tively paint different likenesses of the same model, so do 
scientists allow their different personalities to color their inter- 
pretations of quantum mechanics. Our story would not be 
complete did we not tell of the austere conception of quantum 
mechanics hinted at above, and also in our parable of the coin 
and the principle of perversity, for it is a view held by many 
physicists. 

These physicists are satisfied with the sign-language rules, 
the extraordinary precision of the probabilities, and the strange, 
wavelike hws which they obey. They realize the impossibility 
of following the detailed workings of an indeterminacy through 
which such bountiful precision and law so unaccountably seep. 
They recall such incidents as the vain attempts to build models 
of the ether, and their own former naive beliefs regarding 
momentum and position, now so rudely shattered. And, recall- 
ing them, they are properly cautious. They point to such 
things as the sign-language rules, or the probabilities and the 
exquisite mathematical laws in multidimensional fictional space 
which govern them and which have so eminently pioved them- 
selves in the acid test of experiment. And they say that these 
are all we may hope and reasonably expect to know; that 
science, which deals with experiments, should not probe too 
deeply beneath those experiments for such things as cannot be 
demonstrated even in theory. 

Tlie great mathematician John von Neumann, who accom- 
plished the Herculean labor of cleaning up the mathematical 
foundations of the quantum theory, has even proved mathe- 
matically that the quantum theory is a complete system in 
itself, needing no secret aid from a deeper, hidden world, and 
offering no evidence whatsoever that such a world exists. Let 



us then be content to accept the world as it presents itself 
to us through our experiments, hoA^ever strange it may seem. 
This and this alone is the image of the world of science. After 
castigating the classical theorists for their unwarranted assump- 
tions, however seemingly innocent, would it not be foolish and 
foolhaiciy to invent that hidden worid of exact causality of 
which we once thought so fondly, a world which by its very 
nature must lie beyond the reach of our experiments? Or, 
indeed, to invent anything else which cannot be demonstrated, 
such as the detailed occurrences under the Heisenberg micro- 
scope and all other pieces of .comforting imagery wherein we 
picture a wavicle as an old-fashioned particle preliminary to 
proving it not one? 

All that talk of exactitude somehow seeping through the 
indeterminacy was only so much talk. We must cleanse our 
minds of previous pictorial notions and start afresh, taking the 
laws of quantum mechanics themselves as the basis and the 
complete outline of modem physics, the full delineation of 
the quantum world beyond which the.e is nothing that may 
properly belong to physical science. As for the idea of strict 
causality, not only does science, after all these years, suddenly 
find it an unnecessary concept, if even demonstrates that 
according to the quantum theory strict causality is funda- 
mentally and intrinsically undemonstrable. Tlierefore, strict 
causality is no longer a legitimate scientific concept, and must 
be cast out from the official domain of present-day science. As 
Dirac has written, "The only object of theoretical physics is to 
calculate results that can be compared with experiment, and it 
is quite unnecessary that any satisfying description of the 
whole course of the phenomena should be given.'' Tlie italics 
here are his. One cannot escape the feeling that it might have 



been more appropriate to italicize the second part of the state- 
ment rather than the first! 

Here, then, is a more restricted pattern which, paradoxically, 
is at once a more cautious and a bolder view of the world of 
quantun physics; cautious in not venturing beyond what is 
well established, and bold in accepting and being well content 
with the result. Because it docs not indulge too freely in specu- 
lation it is a proper view of present-day quantum physics, and 
it seems to be the sort of view held by the greatest number. 
Yet, as we said, there arc many shades of opinion, and it is 
sometimes difficult to decide what are the precise views of 
particular individuals. 

Some men feel that all this is a transitional stage through 
which science will ultimately pass to better things — and they 
hope soon. Others, accepting it with a certain discomfort, 
have tried to temper its awkwardness by such devices as the 
introduction of new types of logic. Some have suggested that 
the obser\Tr creates the result of his observation by the act 
of observation, somewhat as in the parable of the tossed coin. 
Many nonscicntists, but few scientists, have seen in the new 
ideas the embodiment of free will in the inanimate world, and 
have rejoiced. Some, more cautious, have seen merely a revived 
possibilit}' of free will in ourselves now that our physical proc- 
esses are freed from the shackles of strict causality. One could 
continue endlessly the list of these speculations, all testifying 
to the devastating potency of Planck's quantum of action h, a 
quantity so incredibly minute as to seem utterly inconse- 
quential to the uninitiated. 

'riiat some prefer to swallow their quantum mechanics plain 
while others gag unless it be strongly seasoned with imagery 
and metaphysics is a matter of individual taste behind which 
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lie certain fundamental facts which may not be disputed; hard, 
uncompromising, and at present inescapable facts of experi- 
ment and bitter experience, agreed upon by all and directly 
opposed to tlie classical way of tliinlring: 

7'here is simply no satisfactory way at alJ of picturing the 
fundamental atomic processes of nature in terms of space and 
time and causality. 

The result of an experiment on an individual atomic particle 
generally cannot be predicted. Only a list of various possible 
results may be known bcforeJiand. 

Nevertheless, the statistical result of performing the same 
individu2il experiment over and over again an enormous num- 
ber of times may be predicted with virtua/ certainf)'. 

For example, thougli we can show there is absolutely no con- 
tradiction involved, we cannot visualize how an electron which 
is enough )f a wave to pass through two lioles in a screen and 
interfere with itself can suddenly become enough of a particle 
to produce a single scintillation. Neither can we predict where 
it will scintillate, though we can say it may do so only in certain 
regions but not in others. Nevertheless when, instead of a 
single electron, we send through a rich and abundant stream we 
can predict with detailed precision the intricate interference 
pattern that will build up, even to the relative brightness of its 
various parts. 

Our inability to predict the individual result, an inability 
which, despite tlie evidence, the classical view was unable to 
tolerate, is not only a fundamental but actually a plausible 
characteristic of quantum mechanics. So long as quantum 
meclianics is accepted as wliolly valid, so long must we accept 
this inability as intrinsically unavoidable. Should a way ever 
be found to overcome this inability, that event would mark the 



end of the reign of quantum mechanics as a fundamental 
pattern of nature, A new, and deeper, theory would have to 
be found to replace it, and quantum mechanics would have to 
be retired, to become a theory emeritus with the revered, if 
faintly irreverent title ''classical." 

Now that we are accustomed, a little,, to the bizarre new 
ideas we may at last look briefly into the quantum mechanical 
significance of something which at first sight seems tnvial and 
inconsequential, namely, that electrons are so similar we can- 
not tell one from another, lliis is true also of other atomic 
particles, but for simplicity let us talk about electrons, with the 
understanding that the discussion is not thereby confined to 
them alone. 

Imagine, then, an electron on this page and another on the 
opposite page. Take a good look at them. You cannot tell 
them apart. Now blink your eyes and take another look at 
them. Tliey are still there, one on this page and one on that. 
But how do you know they did not change places just at the 
moment your eyes were closed? You think it most unlikely? 
Does it not always rain on just those days when you go out 
and leave the windows open? Does it not always happen that 
your shoelace breaks on just those days wlicn you are in a 
special hurrj'? Remember these electrons are identical twins 
and apt to be mischievous. Surely you know better than to 
argue that the electron interchange was unlikely. You cer- 
tainly could not prove it one way or another. 

Perhaps you are still unconvinced. Let us put it a little 
differently, then. Suppose the electrons collided and bounced 
off one another 'Ilien you certainly could not tell which one 
was which after the collision. 

You still think so? You think you could keep your eyes 



glued on tlicni so tlicy could not fool you? But, my dear sir, 
that is classical. Tliat is old-fasluoncd. \Vc cannot keep a 
continual watch in the quantum world. Tlic best we can do is 
keep up a bombardment of photons. And willi each impact 
the electrons jump we know not liow. For all wc know thcv 
could be changing places all tlic time. At the moment of 
impact especially the danger of deception is surely enormous, 
ixt us tlien i.gree that we can never be sure of the identit)' of 
each electron. 

Now suppose we wish to write down quantum equations for 
the two electrons. In the present state of our theories, we are 
obliged to deal with them first as mdividuals, saying tliat cer- 
tain mathematical co-ordinates belong to the first and certain 
others to the second 'lliis is dislionest though. It goes beyond 
permissible information, for it allows each electron to preserve 
its identit)', wlicrcas electrons should belong to the nameless 
masses. Somehow wc nmst remedy our initial error. Somehow 
we must repress the electrons and remove from then their 
unwarranted individuality. This reduces to a simple question 
of mathematieal symmetries. W'e must so remold our equations 
that interchanging the electrons has no physically detectabb 
effect on the answers they \iekl. 

Imposing this noniiidividuahty is a grave mathematical re- 
striction, strongly influencing the behavior of the eiectrons. Of 
the possible ways of imposing it, two are specially sim^^le math- 
ematically, and it happens that )ust these two are physically of 
interest. One of them implies a bclKr ior which is actually 
obsciA'cd in the case of photons, and a particles, and other 
atomic particles, llie other method of imposing nonindi- 
viduahty turns out to mean that the particles will shui: one 



another; in fact, it gives precisely the nnsterious exclusion 
principle of Pauli. 

Tliis is indeed a remarkable result, and an outstanding 
triumph for quantum mechanics. It takes on added significance 
when we learn that all those atomic particles which do not 
obey the Pauli principle are found to bcha\e like the photons 
and a particles. It is about as far as anyv^ne has gone toward 
an understanding of the deeper significance of the eNxlusion 
principle. Yet it remains a confession of failure, for instead 
of having nonindividuality from the stert we begin with indi- 
viduality and then deny it. The Pauli principle lies far deeper 
than this. It lies at the very heart of inscrutable Nature. Some- 
day, perhaps, we shall have a more profound theory in which 
the exclusion principle will find its rightful place. Meanwhile 
we nuist be content with our present veiled insight. 

The mathematical removal of individuality warps our equa- 
tions and causes extraordinary effects whi';h cannot be properly 
explained in pictorial terms. It may be interpreted as bringing 
into being strange forces called exchange forces, but these 
forces, though already appearing in other connections in 
quantum mechanics, have no counterpart at all in classical 
pliysics. 

W'c might ha\c suspected some such forces were involved. 
It would have been incredibly naive to lia\c believed that so 
stringent an ordinance against ovcrcrowdiiig as the exclusion 
principle could be imposed without sonic measure of force, 
however well disguised. 

Is it so sure that these exchange forces cannot be properly 
explained in pictorial terms? After all, with force is associated 
energy. And with energy is associated frequency according to 
Planck's basic quantum law. With frequency wc may asso- 
ciate some sort of oscillation. Perhaps, then, if we think not 



of the exchange forces themselves but of the oscillations asso- 
ciated with them we may be able to picfjre the mecharism 
th.ough which these forces exist. This is a promising idea But 
if It is clarity we seek we shall be greatly disappointed in it.. 

It IS true theie is an oscillation involved here, but what 
a fantastic oscillation it is: a rhythm-- ^crchange of the elec- 
trons' identities. The electrons do not i .cally change places 
by leaping the inter^'ening space. That would be too simple 
Ratlier, there is a smooth ebb and flow of individuality between 
them. For example, if we start with electron A here and elec- 
tron B on the opposite page; then later on we would here have 
some such mixture as sixty per cent A and forty per cent B, 
with forty per cent A and sixty per cent B over there. Later ^Hll 
It would be all B here and all A there, the electrons then 
having definitely exchanged identities.. Tlie flow would now 
reverse, and the strange oscillation continue indefinitely. It is 
with such a pulsation of identity that the exchange forces of 
the exclusion principle are associated. There is another t>pe 
of exchange which can affect even a single electron, the elec- 
tron being analogously pictured as oscillat...g in this curious, 
disembodied way between two different positions. 

Perhaps it is easier to accept such curious pulsations if we 
think of the electrons more as waves than as panicles, for then 
we can imagine the electron waves becoming tangled up with 
each other. Mathematically this can be readilv perceived, but 
It does not lend itself well to \-isualization. If we stay with the 
particle aspect of the electrons wc find it hard to imagine what 
a 60 per ccnt-40 per cent mixture of A and B would look like 
if wc observed it. Wc cannot observe it., though. 'Hie act of 
obscr\ation would .so jolt the electrons that we would find 
cither i)urc A or else pure B, but never a combination,, the 
percentage, being )ust probabilities of finding ciJicr one. It 
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is really our parable of the tossed coin all over again. In mid- 
air the coin fluctuates rhythmically from pure heads to pure 
tails through all intermediate mixtures. When it lands on the 
table, which is to say when we observe it, there is a jolt 
which yields only heads or tails. 

Though we can at least meet objections, exchange remams 
an elusive and difficult concept. It is still a strange and awe-in- 
spiring thought that you and I are thus rhythmically exchang- 
ing particles with one another, and with the earth and the 
beasts of the earth, and the sun and the moon and the stars, 
to the uttermost galaxy. 

A striking instance of the power of exchange is seen in 
chemical valence, for it is essentially by means of these mys- 
terious forces that atoms cling together, their outer electrons 
busily shuttling identity and position back and forth to weave 
a bond that knits the atoms into molecules. 

Such are the fascinating concepts that emerged from the 
quantum mechanical revolution. The days of tumult shook 
science to its deepest foundations. They brought a new charter 
to science, and perhaps even cast a new light on the significance 
of the scientific method itself. The physics that survived the 
revolution was vastly changed, and strangely so, its whole out- 
look drastically altered. Where once it confidently sought a 
clear-cut mechanical model of nature for all to behold, it now 
contented itself with abstract, esoteric forms which may not 
be clearly focused by the unmathematical eye of the imagina- 
tion. Is it as strongly confident as once it seemed to be in 
younger days, or has internal upheaval undermined its health 
and robbed it of its powers? Has quantum mechanics been an 
advance or a retreat? 

If it has been a retreat in anv sense at all, it has been a 
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strategic retreat from the suffocating determinism of classical 
physics, which channeled and all but surrounded the advancing 
forces of science. Whether or not science, later in its quest, 
may once more encounter a deep causality, the determinism of 
the nineteenth century, for all the great discoveries it sired, was 
rapidly becoming an impediment to progress. When Planck 
first discovered the infinitesimal existence of the quantum, it 
seemed there could be nc nroper place for it anywhere in the 
whole broad domain of pli'/^cal science. Yet in a brief quarter 
century, so powerful did it prove, it thrust itself into every 
nook and cranny, its influenje growing to such undreamed-of 
proportions that the whole aspect of science was utterly trans- 
formed. With explosive violence it finally thrust through the 
restraining walls of det';rminism, releasing the pent-up forces 
of scientific progress to pour into the untouched fertile plains 
beyond, there to reap an untold harvest of discovery while still 
retaining the use of those splendid edifices it had created 
within the classical domain. The older theories were made 
more secure than ever, their triumphs unimpaired and their 
failures mitigated, for now their validity was establishea 
wherever the influence of the quantum might momentarily be 
neglected. Their failures were no longer disquieting perplexi- 
ties which threatened to undermine the whole structure and 
bring it toppling down. With proper diagnosis the classical 
structures could be saved for special purposes, and their very 
weaknesses turned to good account as strong corroborations of 
the newer ideas; ideas which transcended the old without 
destroying their limited effectiveness. 

True, the newer tlieory baffled the untutored imagination, 
and was formidably abstract as no pliysical theory had ever 
been before. But this was a small price to pay for its extraor- 



dinary accomplishments. Newton's theory too had once 
seemed almost incredible, as also had that of Maxwell, and 
strange though quantum mechanics might appear, it was 
firmly founded on fundamental expcrimeni. Here at long last 
was a theory which could embrace that primitive, salient fact 
of our material universe, that simple, everyday fact on which 
the Maxwellian theory so spectacularly foundered, the endur- 
ing stability of the different elements and of their physical and 
chemical properties. Nor was the new theory too rigid in this 
regard, but could equally well embrace the fact of radioactive 
transformation. Here at last was a theory which could yield the 
precise details of the enormously intricate data of spectroscopy. 
Tlie photoelectric effect and a host of kindred phenomena suc- 
cumbed to the new ideas, as too did the wavelike interference 
effects which formerly seemed to contradict them. With the 
aid of relativity, the spin of the electron was incorporated with 
remarkable felicity and success. Pauli's exclusion principle 
took on a broader significance, and through it the science of 
chemistry acquired a new theoretical basis amounting almost 
to a new science, theoretical chemistry, capable of solving 
problems hitherto beyond the reach of the theorist. The theory 
of metallic magnetism was brilliantly transformed, and stagger- 
ing difficulties in the theory of the flow of electricity through 
metals were removed as if by magic thanks to quantum 
mechanics, and especially to Pauli's exclusion principle. The 
atomic nucleus was to yield up invaluable secrets to the new 
quantum physics, as will be told; secrets which could not be 
revealed at all to the classical theory, since that theory was too 
primitive to comprehend them; secrets so abstruse they may 
not even be uttered except in quantum terms. Our understand- 
ing of the nature of the tremendous forces residing in the 



atomic nucleus, incomplete though it be, would be meager 
indeed w thout the quantum theory to guide our search and 
encourage our comprehension in these most intriguing and 
mysterious regions of the universe. Tliis is no more than a 
glimpse of the unparalleled achievements of quantum me- 
chanics. Tlie wealth of accomplishment and corroborative 
evidence is simply staggering. 

''Daddy, do scientists really know what they are talkine 
about?" 

To still an inquiring child one is sometimes driven to regret- 
table extremes. Was our affirmative answer honest in this 
particular instance? 

Certainly it was honest enough in its context, immediately 
following the two other questions. But what of this same ques- 
tion now, standing alone? Do scientists really know what 
they are talking about? 

If we allowed the poets and philosophers and priests to 
decide, they would assuredly decide, on lofty grounds, against 
the physicists— quite irrespective of quantum mechanics. But 
on sufficiently lofty grounds the poets, philosophers, and priests 
themselves may scarcely claim they know whereof they talk, 
and in some instances, far from lofty, science has cuj-V.i both 
them and itself in outright error. 

True, the universe is more than a collecrion of objective 
experimental data; more than the complexus of theories, 
abstractions, and special assumptions devised to hold the data 
together; mere, indeed, than any construct modeled on this 
cold objectivity. For there is a deeper, more subjective world, 
a world of sensation and emotion, of aesthetic, moral, and 
religious values as yet beyond the grasp of objecrive science. 
And towering majesrically over all, inscmtable and inescapable. 



is the awful mystcr}' of Existence itself, to confound the mind 
with an eternal enigma. 

But let us descend from these to more mundane levels, for 
then the quantum physicist may make a truly impressive 
case; a case, moreover, backed by innumerable interlocking 
experiments forming a proof of stupendous cogency. Where 
else could one find a proof so overwhelming? How could one 
doubt the validity of so victorious a system? Men are liangc 1 on 
evidence which, by comparison, must seem small and incon- 
sequential beyond measure. Surely, then, the quantum physi- 
cists know what they are talking alK)ut. Surely their present 
theories are proper theories of the workings of the universe. 
Surely ])liysical nature cannot be markedly different from what 
has at last so painfully been revealed. 

And yet, if this is cur belief, surely our whole storj^ hns been 
told in vain. Here, for instance, is a confident utterance of the 
year 1889: 

"llie wave theory of light is from the point of view of hv.niaii 
beings a certainty." 

It was no irresponsible visionary who made this bold asser- 
tion, no fifth-rate incompetent whose views might be lightly 
laughed away. It was the very man whose classic experiments, 
more than those of any other, established the electrical charac- 
ter of the waves of light; none other than the great Hcinrich 
Hertzr himself, whose own seemingly incidental observation 
contained the seed from which there later was to spring the 
revitalized particle theory. 

Did not the classical physicists point to overwhelming ev> 
dence in support of their theories, theories which now seem to 
us so incomplete and superficial? Did they not generally believe 
that physics was near its end, its main problems solved and its 



basis fully revealed, with only a little sweeping up and polish- 
ing left to occupy succccdnig generations? And did they not 
believe these thirds even while they were aware ot such 
unsolved puzzles as the violet catastrophe, and the photo- 
electric effect, and radioactive disintegration? 

llie experimental proofs of science are not ultimate proofs. 
Experiment, that final arbiter of science, has something of the 
aspect of an oracle, its precise factual pronouncements couched 
in muffled language of deceptive import. Wiiile t. Bohr such 
a thing as the Balmer ladder meant orbits and jumps, to 
Sc-'hrodmgcr it meant a smcarcd-out essence of ^; neither view 
is accepted at this moment. Even the measurement of the 
speed of light in water, that seemingly clear-cut experiment 
specifically conceived to decide between wave and particle, 
yielded a truth whose import was misconstrued. Science 
abounds with similar instances. Each change of theor\' demon- 
strates anew the uncertain certainty of experiment. One would 
be bold indeed to assert that science at last has reached an 
ultimate theory, that the quantum theorj^ as we know it now 
will survive with only superficial alteration. It may be so, but 
we are unable to prove it, and certainly precedent would seem 
to he against it. 'Die quantum physicist does not know whether 
he knows what he is talking about. But this at least he doc:> 
know, that his talk, however incorrect it may ultimately prove 
to be, is at present immeasurably superior to tliat of his 
classical forebears, and better founded in fact than ever before. 
And that is surely something well worth knowing. 

Never had fundamental science seen an era so explosively 
triumphant. With such revolutionary concepts as relativity 
and the quantum theor}' developing simultaneously, physics 
experienced a turmoil of upheav'al and transformarion without 



parallel in its history. The majestic motions of the heavens and 
the innermost tremblings of the atoms alike came under the 
searching scrutiny of the new theories. Man's concepts of time 
and space, of matter and radiation, energy, momentum, and 
causality, even of science and of the universe itself, all were 
transmuted under the electrifying impact of the double revolu- 
tion. Here in our story we have followed the frenzied fortunes 
of the quantum during those fabulous years, from its first 
hesitant conception in the minds of gifted men, through 
precarious early years of infancy, to a temporary lodgment in 
the primitive theory of Bohr, there to prepare for a bewilder- 
ing and spectacular leap into maturity that was to turn the 
orderly landscape of science into a scene of utmost confusion. 
Gradually, from the confusion we saw a new landscape emerge, 
barely recognizable, serene, and immeasurably extended, and 
once more orderly and neat as befits the landscape of science. 

The new ideas, when first they came, were wholly repugnant 
to the older scientists whose minds weie firmly set in tradi- 
tional ways. In those days even the flexible rj'^V of the 
younger men found them startling. Yet now th- ; ^ists of 
the new generation, like infants incomprehen^ jij enjoying 
their cod-liver oil, lap up these quantum ideas with hearty 
appetite, untroubled by the misgivings and gnawing doubts 
which so sorely plagued their elders. Thus to the already bur- 
densome list of scientific corroborations and proofs may now 
be added this crowning testimony out of the mouths of babes 
and sucklings, llie quamum has arrived. The tale is told. Let 
the final curtain fall. 

But ere the curtain falls we of the audience thrust forward, 
not yet satisfied. We are not specialists in atomic physics. Wc 
are but plain men who daily go about our appointed tasks, and 



of an cvciiMig peer licsitantly over the shoulder of the scientific 
theorist to ghnipse the enchanted pageant that passes before 
his mind. Is all this business of waviclcs and lack of causality 
in space and time something which the theorist oin now accept 
with scrcnit)'? Can wc oursches ever learn to welcome it with 
any deep feeling of acceptance? When so alien a world has 
been revealed to us we cannot but shrink from its vast unfriend- 
liness. It is a world far removed from our everyday experience. 
It offers no simple comfort. It beckons us without warmth. 
We are saddened that science should have taken this curious, 
unhappy turn, ev^r away from the beliefs we most fondly 
cherish. Surely, we console ourselves, it is but a temporary 
aberration. Surely scie:iee will someday find the tenuous road 
back to normalcy, and ordinar)^ men will once more under- 
stand its message, simple and clear, and untroubled by abstract 
paradox. 

But we must remember that men have always felt thus when 
a bold new idea has arisen, be the idea right or wrong. Wlien 
men first proclaimed the earth was not flat, did they not 
propose a paradox as devilish and devastating as any we have 
met in our tale of the quantum? I low utterly fantastic nmst 
such a belief at first have appeared to most people; this belief 
wliich is now so leadily and blindly accepted by children, 
agamst the clearest evidence of their immediate senses, that 
they are quick to ridicule the solitaiy crank who still may claim 
tlic earth is flat; their only concern, if any, is for the welfare 
of llic poor people on the other side of this our round earth 
who, they so \'ividl)' reason, are fated to live out their Jives 
walking on their heads. Let u^ pray that political wisdom and 
heaven-oent luck be granted us so that our children's children 
may bj able as readily to accept the quantum horrors cf today 



fMp Now L.<r\'lsi .ipo of SwJonCL* 



and laugh at the fears and misgivings of their benighted 
ancestors, those poor souls who still believed in old-fashioned 
waves and pai tides, and the necessity for national sovereignty, 
and all the other superstitions of an out\vorn age. 

It is not on the basis of our routine feelings that we should 
try here to weigh the value and significance of the quantum 
revolution. It is rather on the basis of its innate logic. 

"What!" you will exclaim. "Its innate logic? Si^rely that is 
the last thing we could grant it. We have to concede its over- 
whelming experimental support But innate logic, a sort of 
aura to compel our belief, experiment or no experiment? No, 
that is too much. Tlie new ideas are not innately acceptable, 
nor will talking ever make them so. Experiment forced them 
on us, but we cannot feel their inevitability. We accept them 
only laboriously, after much obstinate struggle. We shall never 
see their deeper meaning as in a flash of revelation. Though 
Nature be for them, our whole nature is against them. Innate 
logic? No! Just bitter medicine." 

But there is yet a possibility. Perhaps there is after all some 
innate logic in the quantum theory. Perhaps we may yet sec 
in it a profoundly simple revelation, by whose light the ideas 
of the older science may appear as laughable as the doctrine 
that the earth is flat. We have but to remind ourselves that our 
ideas of space and time came to us through our everyday experi- 
ence and w^ere gradually refined by the careful experiment of 
the scientist. As experiment became more precise, space and 
time began to assume a new aspect. Even the relatively super- 
ficial experiment of Michelson and Morlcy, back m 1887, 
ultimately led to the shattering of some of our concepts of 
space and time by the theory of relativity. Nowadays, through 
the deeper techniques of the modern physicist we find that 
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space and time as we know them so familiarly, and even space 
and time as relativity knows them, simply do not fit the more 
profound pattern of existence revealed by atomic experiment 

What, after all, are these mystic entities space and time? 
We tend to take them for granted. We imagine space to be so 
smooth and precise we can define within it such a thing as a 
point— something having no size at all but only a continuing 
location. Now, this is all very well in abstiact thought. Indeed, 
it seems almost an unavoidable necessity. Yet if we examine 
it in the light of the quantum discoveries, do we not find the 
bcgiiining of a doubt? For how would we try to fix such a dis- 
embodied location in actual physical space as distinct from 
the purely mental image of space we have within our minds? 
What is the smallest, most delicate instrument we could use 
in order to locate it? Certainly not our finger. That could 
suffice to point out a house, or a pebble, or even, with difficulty, 
a particular giain of sand. But for a point it is far too gross. 

What of the point of a needle, then? Better. But far from 
adequate. Look at the needle point under a microscope and the 
reason is clear, for it there appears as a pitted, tortured land- 
scape, shapeless and useless. What then? We must try smaller 
and ever smaller, finer and ever finer indicators. But try as we 
will we cannot continue indefinitely. The ultimate point will 
always elude us. For in the end we shall come to such things as 
individual electrons, or nuclei, or photons, and beyond these, 
in the present state of science, we cannot go. What has 
become, then, of our idea of the location of a point? Has it not 
somehow dissolved away amid the swirling wavicles? True, we 
have said that we may know the exact position of a wavicle if 
we will sacrifice all knowledge of its motion. Yet even here 
there happen to be theoretical reasons connected with Conip- 
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ton's experiment which limit the precision with which this 
position may be known. Even supposing the posiHon could be 
known with the utmost exactitude, woold wc then have a poin 
such as we have in mind? No. For a poml has a conuniiing 
location, while our location would be evanescent. We would 
still have merely a sort of abstract wavicle rather than an 
abstract point. \^1:vther we think of an electron as a wavicle, 
or whether we think of it as a particle buffeted by the photons 
under a Heiscnberg microscope, we find that the physical 
notion of a precise, continuing location escapes us. Though wc 
have reached the present theoretical limit of refinement we 
have not yet found location. Indeed, we seem to be further 
from it than when we so hopefully started out. Space is not so 
simple a concept as we had naively thought. 

It is much as if we sought to observe a detail in a newspaper 
photograph. Wc look at the picture more closely but the 
tantalizing detail still -^apes us. Annoyed, we bring a magnify- 
ing glass to bear upon :, and lo! our eager optimism is shat- 
tered. We find ourselves far worse off than before. \Miat 
seemed to be an eye has now dissolved away into a meaning- 
less jumble of splotches of black and white. Tlie detail we had 
imagined simply was not there. Yet from a distance the picture 
still looks perfect. 

Perhaps it is the same with space, and with time too. Instinc- 
tively we feel they have infinite detail. But when we bring to 
bear on them our most refined techniques of obser\'ation and 
precise measurement we find that the infinite detail we had 
imagined has somehow vanished away. It is not space and time 
that are basic, but the fundamental particles of matter or 
energy themselves. Without these we could not have formed 
even the picture we instinctively have of a smooth, un- 
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blemished, faultless, and infinitely detailed space and time. 
These electron.-? and the other fundamental particles,' they do 
not exist in spare and time. It Is space and time that exist 
because of them. These particles— wavicles, as we must regard 
them if we wish to mix in our inappropriate, anthropomorphic 
fancies of space and time— these fundamental parricles precede 
and transcend the concepts of space and time. They are deeper 
and more fundamental, more primitive and primordial. It is 
out of them in the untold aggregate that we build our sparial 
?nd temporal concepts, much as out of the multitude of seem- 
ingly haphazard dots and splotches of the newspaper photo- 
graph we build in our minds a smooth, unblemished portrait; 
much as from the swift succession of quite motionless pictures 
projected on a motion-picture screen we build in our minds the 
illusion of smooth, continuous morion. 

Perhaps it is this which the quantum theory is striving to 
express. Perhaps it is this which makes it seem so paradoxical. 
If space and time are not the fundamental stuff of the universe 
but merely particular average, statisrical effects of crowds of 
more fundamental entities lying deeper down, it is no longer 
strange that these fundamental entities, when imagined as 
existing in space and time, should exhibit such ill-matched 
properties as those of wave and particle. There may, after all, 
be some innate logic in the paradoxes of quantum physics. 

Tliis idea of average effects which do not belong to the 
individual is nothing new to science. Temperature, so real and 
definite that we can read it with a simple thermoir'^ter, is 
merely a statistical effect of chaotic molecular motions. Nor 
are we at all troubled that it should be so. Tlie air pressure in 
our automobile tires is but the statisrical effect of a ceaseless 
bombardment by tireless air molecules. A single molecule has 



neither temperature nor pressure in any ordinary sense of those 
terms. Ordinary temperature and pressure are crowd effects. 
When we try to examine *-hem too closely, by observing an 
individual molecule, they simply vanish away. Take tlie smooth 
flow of water. It too vanishes away when we examine a single 
water molecule. It is no more than a potent myth created out 
of the myriad motions of water molecules in enormous 
numbers. 

So too may it well be with space and time themselves, 
though this is something far more difficult to imagine even 
tentatively. As the indn'idual water molecules lack the cverv'- 
day qualities of temperature, pressure, and fluidit}\ as single 
letters of the alphabet lack the quality of poetrv'.^ so perhaps 
may the fundamental pnrticlcs of the universe iiidi^-i<hially lack 
the quality of existing in space and time; the very space and 
time which tlic particles themselves, in the enormous aggregate, 
falsely present to us as entities so pre-eminently fundamental 
we can hardly concci\e o." any existence at all without them. 
Sec how it all fits in now. 'I he quantum paradoxes arc of our 
own making, for we have tried to follow the motions of indi- 
\idual particles through space and tiinc,^ while all along these 
individual particles lia\e no existence in space rnd time. It is 
space and time that exist through the particles. An indnidual 
particle is not in two places at once. It is in no place at all. 
Would we feel amazed and upset that a thought could be in 
two places at once? A thought, if wc imagine it as something 
outside our brain, has no quality of location. If wc did wish to 
locate it hypothctically, for any particular reason, we would 
expect it to transcend the ordinary linntations of space and 
time. It is only hccausc we ha\e all along regarded matter as 
existing in space and tune that we find it so hard to renounce 



this idea for the individual particles. But once we do renounce 
it the paradoxes vanish away and the message of the quantum 
suddenly becomes clear: space and time are not fundamental. 

Speculation? Certainly. But so is all theorizing. While 
not'hing so drastic has yet been really incorporated into the 
mathematical fabric of quantum mechanics, this may well be 
because of the formidable technical and emotional problems 
involved. Meanwhile quantum theorists find themselves more 
and more strongly thrust toward some such speculation. It 
would solve so many problems. But nobody knows how to set 
about giving it proper mathematical expression. If something 
such as this shall prove to be the true nature of space and time, 
then relativity and the quantum theor)- as they now stand 
would appear to be quite irreconcilable. For relati\itv, as a field 
theory, must look on space and time as basic entities, \vhile 
the quantum theory, for all its present technical inability to 
emancipate itself from the space-time tyranny, tends vei)- 
strongly against that view. Yet there is a deal of truth in both 
relativity and the present quantum theory, and neither can 
wholly succumb to the other. Where the two theories meet 
there is a vital ferment. A process of cross-fertilization is under 
way. Out of it someday will spring a new and far more potent 
theory, bearing hereditary traces of its Uvo illustrious ancestors, 
which will ultimately fall heir to all their rich possessions and 
spread itself to bring their separate domains under a single 
rule. Wliat will then survive of our present ideas no one can 
say. Already we have seen waves and particles and causality and 
space and time all undermined. Let us hasten to bring the 
curtain down in a rush lest something really serious should 
happen. 



The Evolution of the Physicist's Picture of Nature 

Paul A. M. Dirac 



Tn tins article I should lil^e to discuss 
the devoloptneiit of Rcner.d physical 
tlicory how It de\elcjpecl in tlie past 
and how one maj expect it to (le\elop id 
the future. One can look on this con- 
tinual developmt'iit as a process of evo- 
lution, a process tlj.it has Ijt'cn going on 
for se\eral eentnrics 

The first mam step in this process of 
evolution was brought about b\ Newton 
Before Newton, people looVed on the 
world as being essenti.illy two-(bmcii- 
sional-the two dimensions in which one 
can walk aboiit-and the np and-down 
dimension seemed to be something es- 
sentially different Newton si i owed liow 
one can look on the up and-down direc- 
tion as being s\mnetric.il with the other 
two (hrections, by !)ringing in gr.ujta- 
tion.il forces and showiDg how tht v take 
thtir place in pl.\sieal theor\ OT)e can 
say thnt Newton cnabhd us to p iss from 
a picture with two-diinimsi'iinl sun 
metry to a pict'ire with three-dimensioii' 
al symmetry 

Einstem made anothe*- step in the 
same direction, bhowiiig how one can 
pass from a picture with three dimen- 
sional s\mnictry to a picture wjtli four* 
dimensional symmetry Einstein brought 
in time and showed how it pla\s a rxile 
that IS in many ways s\mir.etrical witli 
the three space dimensions Howe\er, 
this symmetry is not (jni'e perfect With 



Kiiistein's picture one is hd \o think of 
the world from a foiir-dimensioiial point 
of view, but the four diinensioiis are not 
complete!) symnietncal There jie some 
directions iii the foii: dimeiijionai pic- 
ture that are different from others di- 
rections that are called null dire(tions 
along winch a ray of light can ino\e, 
henct the four diine;ision.il picture )b not 
completely symmetrical Still, there is a 
greit deal of s\nnnftr\ ainoiin the four 
dimensions Ihe only lick of s\inrnc'tr\ 
so far >is cotu erns the eijiiatioiis of f)h\s-- 
ics IS in the appearand of a minus sign 
in the equations with resp( cf to the tune 
dimension as ccMiipared with the three 
space dinitnsioDs [wv top r<junt\on on 
pufii' S] 

\\ ( ha\ e, tli( n. the development from 
tilt, three {lim( iisioii.d pic ture of the 
woiid to tht four-dimension, il picture 
Tin reach r wil! pioii.ihK not !)e happ\ 
with this situation. !)i'caus»^ the world 
still appears three dinieiisiona! to his 
consciousness Ihiw (.in one bri')g tins 
.ippe.iraiK c into the four d'ineiisional 
picti:re *\'jt* Fn-s''"" 'e'iti-^eS t^>" p^'^sl• 
c 1st to has e^ 

\\ h.it .ippe.irs to niir consciousness is 
re.ilK a three dimension il section r)f the 
foiirdinieiision.il picture \\\ must take 
.1 thrt e-dimeiiMona! .>t'ior ♦() gi\''> us 
wh.it appe.irs to our t oiis' ua siu'ss .it one 
tune, at a later tunc wf' bh.dl h.ue a 



(hfferent three diniension.d section The 
task of the phvsici&t corisis»s largeK of 
relating e\ eiits in one of these sec iions to 
e\ent' m another section reftrrjiin to i 
later tune Thus the picture with foiir- 
dinnnsion.il s\Tnnietr\ does not give us 
th( whoh situation This heeonies par- 
tmil.irK iTuportant when one t.ikes into 
.ic count the de\( lopmeots tii.it ln\ e 
been broii^ht about In (ju.intuin theor\ 
Qii.uituTn tlieor\ has taught us that we 
ha\e to t.ike the process of obscrxation 
into .ucnunt, .ind obser\ .itions usuallv 
require fs to bring jn the three-dmu n- 
sion.i! sections of the four diTnensional 
picture of the uiii\erse 

1 lie speci.d theory of rel.iti\ity which 
I'lnsteni intrtKluced, re<juires us to put 
.ill the I.iws of plnsics into a foim that 
clispl.us four diinensioii.ds\nnnetr\ But 
when we list tbi se laws to get rt'siilts 
.ibout obser\.ition wt lia\e to brnij^ in 
somrthinti .uitl.ti' i.il to tht four-thnien 
sion.il s\ innietr\ . n.uneU the thiee th- 
mensioti.il sections th.it deft ribe our 
Ltjiist ioiisness of the uuuerse .»t .i cer- 
t nil tune 

K'^in'tein in ide .mother most inipo Miit 
* ^ ontribiititJii to the tle\tloprr. of 
oir ph\ Mc al picture ht put forward the 
t Mitr.il theor\ of rt!.iti\it\, wluvS re 
tpiiros us to suppose that tlu sp » t (tf 
ph\sies IS cnr\fd Befort this ^ihys cists 



Ii.ul .i!\\.i\suork« (i %Mth .1 fl.it s)).ur the 
tht(c diiiu nsioual H.it ^[hnv of \«\\t<m 
uhidi w.is ttitn (\t<ii<J«il to till four 

dlllU'tlMoIl ,! fl Jt sp K of sjV( i.tl t( - 

it\ V't III lul it\ tTi.iiic .1 tc.iiU nil 

port.iiit < <m(ril)iiti()n to tfii (\oIution of 
our ph\su.il j>i(tuic !)\ tc.jvmiiij; us to 
JjooNfi to iur\c(l sp.Kc Hit- i;(iM tal r( 
'|iiirfiTi< nt> of this till or\ iiu.iri tfi.it .iff 
!fi( 1 lu s of pfi\ si( s ( an foiirmlatt d in 
<iir\(MJ four (LmMisjori.H spu ( , nultfi.it 
tlif\ shou s\rnnjctr\ .imorii; tli«> four 
(liriu iisiori') Hut .j^.nri. wlii-n \\( u.mt to 
huu\i 111 <)l)s( r\ .Jtions .IS uc iTinst if wr 
lo'ik .It tilings from tin- point of of 
«|ii.intinn tlnor\, u(> li.i\( to r(fn to .i 
satjoiJ of tins four (lnnt'nsi(,n il sp.K c 
\\ itli the foni-diriicnsional sp.ui- ( nr\(>(f, 
.iii\ si'( tron that wc rn.Ac m it iKo Ins t<» 
l)C ( irr\ ( fici.insi- m ^cwviA wc i niriot 
J^no .1 liu.uim^ to a fl.it s(«(ti()ii in .i 
(Ur\<><i sp.ut' lliis leads ns to a picture 
111 wlirdi ha\c to take (nr\<'(l thire- 
(liiiun^jon.tl s(>(tinris in the iur\f(l ftmr- 
(linunsron.il sp.u t .uid disonss ohscrxa- 
tioris in tfu'sf s(*( tion\ 

Di^rinjI the past feu \ far s people h.i\ v 
been trvin^ ti, appK <p>antuni jde.is to 



^r.nit iti.pn .is udl ,is to the otlier 
pfieriorneii.i of plusus .iritl tins has led 
to .1 Mtlier iiiKxpccted de\( lopineiit« 
i>.irii<!\ tint \\]\tu one looks .it i;r.i\ita 
ttoii.il tfi.orv hniii tin ponil of \ ie\s ctf 
the sections oite fmds that time are 
soiin' (i» i;re. s ul frt t dnn tli tt drop out 
of tin t}ieor\ 1 li< i;r.i\ ifation.tl fn Id is 
1 tensor f,, !d unh ]() < oinpoiieiits One 
fiihls tint s«\ of tlu < onipoin nts are m\c- 
ijiiatt for d( s( nhm^ t \( iMhuij; ijf pli\sj 
(.il irripott.iTUt and the <»tli( r four cm be 
dioppe<l out of the ( (j,Mtrons One ean- 
iiot himtA ( t, pK k out tlu SIX import. int 
( onipontnts from the ( oinplt te set of 10 
HI WW tint d()es ijot d< str()\ the 
four dimensional s\rninetr 1 luis if one 
rnsists on presnMni; four dirm risional 
s\inriu'tr\ ni the etju.i'ioiis oru (.nnu)t 
adapt tlie tluor\ of i;ra\ it.itiori to a dis 
(iissuui of rneasnr. merits iri the ua\ 
<{u.iiitnrn theor\ r(<jMir(s without h< 
forced to a rruireioiriplKated d< S(rrptu)ri 
than »s .iceded hv the ph\ sk al situation 
This ri<,»i!t his led me to dnuht how 
fuiularrurit.il the four dimt risional re- 
tpiireinent in ph\M(s is A few decades - 
igo It stemed (piitc certain that one Had 



to express th<' uhole of ph\si(s ni four- 
(lirnension.il form But now it stems that 
four-dimcnsion.il s\ iniiu tr\ is not of such 
overridinii import iiue snue thede^ciip 
tioii 01 nature so.netmies gets sunplifud 
Nslu'ii one depaits from it 

\<m I shon'd like i j proceed to the 
d« \(loptnerits that h.ue heen brought 
about [)\ (pimtiini thei)rv (^iMiitiim 
th(or\ IS tlK- discussion of ver\ smmH 
thiiii;^ .uul It h.is formed the mam suh 
Hit of plr.sKs for the past 6() \ears 
Duimii ties p<riod pli\sK,sts h.i\e !)e(ri 
.imassiuj; <juite a lot of experimental in 
fnrnution and de\eh)pirig a theorv to 
correspond to It, and this c-ombination of 
t}uor\ .Hid experiment has Kd to im- 
portant de\elopm( nts m the phjsjcist's 
picture of tlu uorkl 

I he (j nan turn first made its appear- 
ance when rianck drscwercd the need 
to suppose th.it the energy of elect ro- 
rnaj;netic \\a\es can exist orilv in mul- 
tiples of a c e rtain u.at, depe^ulinj^ on the 
fre(pieruv of the \\.i\cs. in order to ex- 
plam the law of black hodv radiation 
Iheri Kinstc'in discovered the same unit 
of ejierjjv occurring in the photoelectric 
e'ffe'ct In this early work on quantum 
theor\ one dimply had to acc^ >t tnc umt 
of enerj;\ without being a' to incor- 
I>orate it into a plusical pict .te. 





ISAAC NEWTON <Ui2 1727), wnh hu l.w of ^ravinion, rh.n^.d ll.r phvs.riMV pirtur. 
of mliir*- from onr nilh two dimrnsional .vmmrtrv to one uith lhrr«-<lin)rns.onil ^ymmctiv 
This dran in R of him H,* macfrin 1 760 hy J^mrs M»r,uM from » p,mUnfi hy F norh ^^cm.n 



''Vhc first new picture that aj)peared 
was Bohr';, picture of the atom It was 
a picture in which wc h.xd electrons mov- 
mj; about in cerMm well defined oibits 
and cKcasionaiK making a jump from 
one orhi» to .uiother We could not pu 
ture how the jump took pl.uM- Wc just 
h.id to actept it as a kind of discon- 
tinuit\ Hohrs pictuie of the atom 
viorked oriK for special exainj^lcs. e ssen- 
tlalK when there was onl\ one electron 
th.it was <)f importance for the problem 
rinder consideration '1 bus the picture 
w .IS .in iiic ornplete and pninitu e one 

I he hij; adsance in the (jiranturn 
the 01 \ c.ime in ]<i2\ with the discwer\ 
of (ju.inturn mechanrcs Ibis ad\ance 
was bronjjht about irulependentlvbvtwo 
men, Heisenberg first arul Scbrodrnger 
scxm afterward, working from different 
points of Mew Heisenberg worked kcej)- 
in^ close to tlu- experimental evideiue 
.ibout spectra that was being amassed at 
that time and he found out how the ex- 
peMirneiital rnforrn.itiori could be htted 
into a scheme tliat is i\o,v known as 
matrix inechanus All the experimental 
d.ita of sp»'ctroscop\ fitted beautifullv 
into the sc heme of matrix mee hanic s. and 
this led to (piitc a chfferent picture of the 
atomic world SchrcKlinger worked from 
a more m.ithemalical point of view, try- 
iiij; to firul a beautiful theory for dcscnb- 
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Hrr)t;li( s iS of u i\( s is^x i it( d w nh 
p.irtules If( w.is .ilth {o ( Mi nd ]\ 
Hroylic s t(it iv.iiui t<» t t\»t\{M lutilnl 
(tjjn.ttioii, known SihuKlintTt i s 
0<HMtion. for (!< \( I ihiii-j \Ukuh j)i(k 
< wcs SiliKxiiriutT ^<tt tfiis (ijiiitKm {)\ 
])Ut«' thought !o()kin^ f<ir soiiK {ji.uitiful 

tKJl h\ k( cpm^ ( lose to thv i \pi iittu nt.d 
clc\c!oj)mi>nt of the subjoit ir) thr \\.^ 
H( ist'nbcrg did 

I misfit tell \<ni th( Mor\ 1 hc\n\ fiom 
SifiKKlin^cr of flow wlifri lie fust ^ot 
thv idci for this ( (juation. lu imiiu di.iti' 
1\ jpplicd it to the Ix'h.uior of the dec 
tKMi in till" li\(lro^i'[i .itnm, and then he 
^ot riMilts th.it (hd not a^:cc uith ox- 
prrimcnt 1 hi dis.i^rri'iiicut jiom- bo- 
i.uist M tli.it time it was not kncnvn th.it 
thf t'l((trou h,i\ a ',pjn Thit, of toursc, 
wai a grrat (lisappointtncnt to Schro- 
(hti^( r. .irid it cause li hint to .if) in(h>n tht 
work for soiiu inonths I hen ]\v tiotitctl 
tfi.i. if he apphed ttio tS(0[\ in .i more 
api roximati' s^,i\. not t.,. ^ into .ic 
(oiint tfif rt'fini inrnts Kfjiiiud hv r( Li- 
tis it\. to this ron^h ipproMin itioii his 
work w'.is IM .i^rcdncnt with ()f)M'rva- 
tioti He piibhshed fiis fust piper witli 
oriK this roii^fi .jppro\im ition. .ind in 
that w.i\ S( firodin^e [ s w.ur ( ijiutioii 
was prt<tntril to thi- world Affdw.ird, 
of t ourse. w fi( n pcoph found imt flow to 
tako into a( ( ()Uiit (orteitK th« spin of 
the electron, the discrep.uu\ h(twocn 
tl V Tt suits of .ippl\ ing Si ftrodin^V'r'i rt'J- 
a(i\jsti( efjnation and tfie e\periments 
w.js complete]) th-ared up 

I tJouk there k a moral to this story, 
iiumK tliat It IS nuiu iuiport.int to 
liuo f)(aut\ in nrii s tipi.'.tions tfian to 
ha\ V tfiom fit o\pi rnnent If S( luodinger 
had f)een more confident uf his work, ho 
(oul'd lia\e puf>h\fied it some months 
tarlu'r, aud he ronld have published .1 
more ai mr.ite e(p»ation That ecpiation js 
now known as the KhuiC^oriJon i.*jua. 
tion. althou^li it was realK distovt led bv 
Sclirodm^er, and in f.iet was discovjTid 
f)) Sihrwhnger before lie ihstovjred fus 
nonri IdtiMstio treatment of the hydro 
i;en atom It seems tfiat if one is working 
from tlie {>oint of vu w- of ^ettin^ fjeautv 
III one's .(pi.itions. .md if ime has reali\ 
a sound insi^lit. one is on .\ sure line of 
progress If tb(re is not (omplitt a^rn 
uient between the results of on( 's woik 
uid exptnnxnt, otu> should not allow 
nneself to f)e too disionra^i d, b<(ause 
tlie discrepant y :nav well be ihie to 
nunor features th.tt are not properK 
taken into acciumt and that will get 
cleared up with fiirtlier dovehipinents of 
the tlioory 




ALBERT EINSVEIN ( 1879 lOSS). v.ith h.*.p^,i*l ih.or> of rrlam.iv. rhan^rd llir phvM 
piriurp from on. v«ii)i ihrte <binfn*nm,l «>mmflr\ Jo onr v*iih four ibnifriMondl *>in 
niflrv |)h'il(>|irj|ih of him jud lii% v^iU juJ ihrir djunhlrr Marfol v»j* tnad^ m m 



'I hat w flow iju.intiim iiii i fi.inii s was 
(hs((j\(ud It lid to .1 (iMstK if,.iii^( 
in tfit p!i\si()sts piitun (i| ttii woild 
ptrhips ffii |)l^l;lst tft.it h.is \(t t.jkdi 
pl.ue I his I li iJii^i ( iMtu s jioin 0111 fi.i\ 
int! to i;i\e up the di ti rnnnistu pu tiii< 
wi h.id .ilw.iv s t.ilsi n fur lii.uiti d We irt 
li il to .1 th( or\ th.it doi s not pi(<di( t w itb 
{ I If iiiitv wfi.it IS lioini^ to bappi II III th( 
fiituu' f)ut t;i\is us inform. itiou oiiK 
.if)out tfie piol) ibilitv of oKurrtiKi of 
v.irious e\( iits Ihis ^i\uig up of d( ter 
miiia(\ fi.is 1)1(11 a \it\ (ontiovdsi.il 
suf)|ect and some peoph do nut lilvi it at 
.lU Pinst«iii Ml p.ufK ul.ir never 'ilvid it 



\ltfn)nL;li Kuistdti was uu of {fje gie.'t 
> oiitrihtitnrs to tlie <le\< lopmi iit of <pjai; 
tiiiu iue( b ini< s fu- still w .is .ilw.iv •> latfi 
It hostde to tfie form tfi it (pi iritiim 
iiii(haiii(s into (hiring his l)f( 

time and tli.it rt fi!l n t.mij, 

J lj« bostibtv soMu pt opie h.i\e to the 
giving up of tht d( tt iininisfu pii ture 
( ill b< ((nt<r(<l (XI .1 iiiucfi disciisstd 
j)ap< r fi\ ! inst<iii TodoKkv .ind Hosmi 
(h'lliun; wilfi tin dr{fi(ult\ one fi.is m 
ffutuiu^ I (onsistitit piiture that >>till 
tjivts n suits a((oi(hiii; to tht lules of 
<pi i.itum ni( ( h uiKs 1 lit' ruli \ of ipian 
tiiiu m( ( fianii ^ iie (pnte finit< I'eople 




NJEIS BOHR (1885 1962) introdured the idra ihal the electron 
mo\rd aboui the nurleu* in well denned orbiU Thi* photoj^raph 
was made in J922, nine years after the puhliration of his paper 



MAX PLANCK liSSS 1047) introduced the idea that eltctro- 
ma^netir radiation ronM<t< of quanta, or p«i;.c!'« Thia photograph 
Has made m 19J3, 13 >ears after hi» original paper was pubiuhej 



know how. U) calculate results and how to 
cornp.uc the results of their CdK ulations 
\\i\h ('xj>eriinent E\t'r)onf is agreed on 
the formalism It worU so wdl th.it no- 
l)o<K ears .ifford to dis.igree with it Ikit 
still the picture t!iat we are to set up 
Ix'hirul this formalism is a snhjett of 
cont roversy 

I should like to siipt;est that one not 
worrv too much alx)ut this coii'roversv I 
feel very stronglv ih.it the stage p ij,sits 
has re.iehed at the present day .lo't the 
final st.ige It is just one stage in the evo 
hition of our picture of nature, and we 
should exp<ct this process of evolution 
to continue in the future, as liologual 
evolution contnuii s nito the future The 
I)restut stage of physical thcorv is inere- 
1\ a 'tcppingstone toward the better 
stages we shall have in the future One 
tan he (juik sure that there will be better 
st.iges simpl) because of the difficulties 
that occur in the phvsics of today 

I <ibould now like to dwell a bit on 
the difficulties m the physics of the 
present day The reader who is not an 
expert in the subject might get the idea 
that because of all these difficulties 
[)hysical theory is iii pretty poor shape 
and that the quantum thi orv is not much 
good 1 should like to correct this impres- 
sion bv saying that (juantum theory is an 
extreinelv good theory It gives wonder- 
ful agreement with observatron over a 
wide i.inge of phenomena [here is no 
doubt that it is a gfxid theorv. and the 
onlv reason pbvsicists t.ilk so nnich about 



the difficulties in it is that it is precisely 
the difficulties that arc rntt resting The 
successes of the thcorv are all taken for 
granted One does not get anywli-^re 
ssmplv bv going over the sue cesses again 
and again, whereas bv talking ovr the 
djfficulties ptoplu can hope to make 
some progress 

'fhe difhculties m (piantuni theory are 
of two kmds I might call them Class One 
difficulties and Class Two difficulties 
Class One difficulties are the difficulties 
I have already mentumed How can one 
form a consisttnt picture behind the 
rules for the present (puntum theor)^ 
1 lu sv f lass One difficulties do not really 
worry the phvsici'it If the physicist 
knows how to calculate results and com- 
pare them witl experiment, he is fjuif^' 
hippv if the results agree with his ex 
perunents. and tli.it is all he needs It is 
onlv the philosopher, wanting to have a 
s.itisfving description of nature, who is 
bothered hv ( lass One chffieiilties 

rhore are. in addition to the ( lass One 
difficulties, the Class Two difficulties, 
wliK h stem from the fact {hat the present 
laws of quantum theor) are not alw.ijs 
adequate to give an> results If one 
pushes the laws to extreme conditions- 
to phenomena involving very high ener- 
gies or verv small distances-one some 
tunes gets results that are ambiguous or 
not really sensible at all Then it is dear 
that one has reached the limits of .>ppli- 
cation of the thftirv and that some fur- 
ther tlevelopment is needed The Class 
I\vo (hfhctiities are important even for 



the physicist, because they put a limita- 
tion on now far he can use tlic rules of 
(juanttiPi theoiv to get results compara- 
ble with experiment 

I should like to sav a httle more about 
the Class One difficulties I feel that one 
should not be bothered wsth them too 
much, because th^'V are difficulties that 
refer to the present stage m the develop- 
ment of our phvsical picture and are 
almost ceitain to change with future de- 
velopment There is one strong reason, I 
think, why one cm l>e quite ccmfideit 
that these difficulties will change Tlicrc 
are some fiind.nnental constants in na- 
ture the charge on the electron (desig 
n.ited CK I'Linck's constant divided bv 
2- (designated h) and the velocity of 
hght (c) Krom these fundamental con- 
stants one can construct a number that 
has no dimensions the number hr/c- 
That nuu'ber is found b) experiment to 
have the value 137, or something very 
close to 137 N'ov/, there is no known 
reason whv it should have this yahie 
rather th.in some other number Various 
people have put forward ideas about it, 
but there is no accej)ted theory Still, 
(Mie can be fairly sure that someday 
physicists will solve the problem and 
explain why the number has this value 
1 here will he.i physics m the future that 
works when fic/c^ has the value 137 
and that will not work whu, it has any 
other value 

The phvsies of the future, of course, 
cannot have the three quantities h, e and 
c all as fundamental quantities Only two 
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oi thoMi cm })(■ tuiul.itiiMit.il .111(1 t}ic 
tliirdimist l)f <1( ri\ ('<1 Iroiii tJuist'tuo It 
i\ .iljtiost icitam th.it ( will 1)( orit of tin* 
two f\iii(l.im(':ital ones 1 fi{ \t'li){it\ of 
light r, IS so import uit in tli< lour 
<hiTi('ns5nii.il piiturt . .iiul it such .i 
fniKljiTiciital role in the spt i i il t{i('i>i\ of 
reljtivjt\, corjcl.itiu^ our iimts of span 
.uul time, that Jt has to hv liiiuii'm ntal 
riicn wf aic faicd with tht f.ut that ot 
the two ({ii.iiititics fi .111(1 (', OIK will he 
fiiiKl.inunital .ind one will hi (Itruni If 
h IS fiuiilamnit.il. v will haxc to In v\- 
pl.niial in *«ome wa\ in terms of the 
S(^uari' r(K)t of f\, arul it >«('( ms most nii 
hkt>]\ th.it an\ fnnd.imcnt.tl tluor\ en 
g>M* c m tiTms of a s(jn.iT" r()(»t, smii* 
»'(juari' roots do not oimr m h.isi(. cijiia 
tions It IS nmih non- likt-K th.it c will 
he the fundamental (jiiaiitit\ and that f\ 
will he explaineu tii terms of ( • Then 
there wdl he no stjn.ire root in the h.isu 
e(}U.th()iis' I think one is on saft j^ronnd 
it one iiiakes the guess that in the ph\ si 
cal pKturi wc shall ha\e it \otne future 
stage c and r will be fiind.unental (jiiari 
titles .ind f\ will be derixed 

If fi IS a deri\cd < plant >tv instead of a 
fundamental one, our whole set of ideas 
about nncert.iint\ wdl be altered ft is 
the fundamental (piaiitit\' that occurs in 
the Heiseubc^rg uncertaint\ rel.ition con- 
necting the amount of iiiuertairit\ m a 
positiun t>nd iit a momentum I his un- 
certaintx relation (..»P'*ot plax a funda- 
mental role \n a theor\ in which >tsclf 
IS not a fundamental (piantU\ I think 
one cm make a safe guess that uncertain- 
ty relations in their present form wdl not 
survive in the ph\sjcs of the fnture 

course there will not be a return to 
the detemumsm of classical physi 
Cal thcorv K\olution does not }io back- 
ward It will have to go forward IhciC 
will lia\e to he sonic new (le\ elopment 
that IS (juite luiexpt cted that we cannot 
make a giitss alxiut. which will take ns 
still further fmnj c!a\sical ideas but 
which will ahor com{)lttelv the diuus 
sion of I ncertaint\ relation\ And when 
this new dexelopment occurs, people 
will find It all rather futile to have had so 
much of a discussion on the role of ob- 
servation in the theorv. hetaiist' thev will 
have then a much better point of view 
from which to look at things So I shall 
say that if we can find a wa\ to describe 
the uncertainty relations and the in- 
determinacy of present tjuantum me- 
chanics that IS satisf\ing to our philo 
sophical ideas, we can count ourselves 
lucky But if we cannot find su(h a way, 
it IS nothing to he really disturbed 
about We simply have to take into ac- 
count that we are at a transitional stage 



and th it [lerlups It Is ijuit* inip.issibl, to 
git .1 satisfaftnrs pKtiir< Inr this st,ii;< 
I ha\( disposed f)| tlx ( liss {)uf (lit 
ficiilhts In si\,iri^ tint tin \ ui i<a!K 
not s) iinpurt itit th.t if ont k ut ai ikt 
proyu ss with till in out ( in CDunt nn* 
s( It Im k\ uiii til it it (I'u ( atiiiot It is 
iKpthiny t'> fn m PMHU I\ (iistnilit d .iliout 
IheCl.iss Iwo diffi( iiitu s art tlu-italK 
serious ones Ilu'\ uise pnniar i\ tmni 
the fut tint when \\( .ipp!\ nor (juan 
tuni theoi\ to fit lds tn th' w u w ( ha\i> 
to if wr .ir( to make it a».i, w itli spetj.d 
rt l.iti\it\, iiit( rpM tnit; it in u .--is of the 
tliret dinieriiioiial se(tinns I ha\(> 'lu ti 
tiorud we ha\t ( no ition\ that .it iu\( 
look all riylit Hut w In n one tries to s(»|\( 
them one finds th.it tlu'\ do not ha\e .in\ 
sohitiniis \; this point we (juyht to sa\ 
that we do not h.i\ I ath^or\ Hut plusi 
ci\ts .ire \(r\ jrint nioos .ibout it, .md 
the\ ha\(' found .i w.i\ to make prog 
ress in spne i»f this obstacle I he\ find 
that ;K hen thi \ ti\ to \'(l\e the c ipi it ions 
the troubh is that ( ert.un (juantitics 
th.it oiiyht to be finite .ue actualK in 
finite One yets irit( L;rals that dnergc 
instead of comeryinj^ to souiething defi 
nite Ph\ sicists have found that there is a 



wa\ t" h.uidle th«\e mtinitK s .i((ordiriC 
ti> a tt un tu!« s which mikes it possihit 
tu mt d( finite results I his rntthod is 
ki((iw n IS the renoMii ili/ation method 

1 sh dl ini u K « \pl.un the idea in words 
\\« sj.jTt oiit with a thror\ imoUing 
< tjiMtiDiis In these eipiations tin re ok ur 
(cif'iri puutiettrs the cfiarije of the 
<itc »n e thf rtiissoftht thction, rn, 
md thini^s df ,\ similar iiatur* One then 
fmds that thesf (juuititKs which appe.ir 
10 the orii^iiial t ijiiatiotis. are not tvpi d 
to the me.isurt d \ a Ivies of the charge and 
th« mass of the (Itctron The measured 
% dm s d.ffd from tlicfe b\ 'ertain eor- 
rtetinU tcrins-/^(, /^m .md so on-so 
that the total charge is c • and 
the tot.d m.iss m - j^m These ch.uigeS 
m charge and m »\s are brought about 
thromih tlu interaction of our elemen- 
tai\ partide w ith other things 'I hen one 
s,i\s that e /. md m ^m, being 
the obs(r\i(l things are the important 
thills 111,' ordinal ( and m arc just 
rnathem.aical parameters. the\ are un- 
ohs(>r\able .uid thtrefore just tools one 
can discard w hen one has got far enough 
to bring in the things that one can com- 
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paic with ohsci\a{itin I Ins uinild be .t 
fjiiitc torirct w u to protccd if Ac 
.md Am wire small {or t'\cu if tlif\ 
wi'rt- not so sin.xW h\i\ finite) corre( tn)ns 
Af f ordiiii; to tlie ac tual t}i('()r\ h()\\e\cr, 
Lr Ami are infiiiittiv gre.it I.i spite 
of that fact one can shil use the formal 
ism and jjet results in terrns of c * Ac 
and m r ^m. which one tan interpret 
by ia\ ing tliat the original e and m ha\e 
to he mmus infinit) d a suitable amount 
to toinpensate for the Ac .ind A"J that 
are infinitely great One can use the 
th(()r\ to gel results tliat tan be com- 
paied evjHPmcMit, in paituiilar for 
elerti(>d\ n.miu s The suipnsing tiling js 
th.it in the (.ise of eh ( trod\ n.imu s one 
gets results tli.it .ire in evtr(nieK g(K>d 
agreement with expeinnent The agree- 
ment applies to manv significant fig- 
ures-thc kmd of .ittur.icv th.it previ- 
ously one h.id only in astronom\ It 
IS because of tb>s good agieeinerit th.it 
plusKists do att.it h some \ahic to the 
rcnorin.di/.ttujn lheor\, in sjiite of ils 
illogK .d th.iratter 

II seems to be (juitc impossible to pul 
this theory on .i m.tthcmalicalK sound 
basis Al imc time phjsit.il theor\' w as all 
built on mathematics that w.i*; inherenlly 



sound I do not sa tli.il plu su ists .ilw a\ s 
ust sound niathdn.itics tht \ i^ftdi use 
unsound steps in thnr ( al( ul.iti<»iis Hut 
{)reMousK v\h(n thc\ did so it \\.»s 
sunpiv he(.ius\ of one jrughl s.u l.i/i 
luss Ihev w.tnted to gel k suits .is 
<iui(k,l\ as possihh uitfioiit doum un 
ne(essar\ uoik, It \s.js alw .u s possible 
for the pint in.ithematici.ni to ( onie 
along .ind m.ikt the theor\ sound b\ 
hiingiii^, II furtht r steps, and perhaps h\ 
iiitiodu( ni: (juite a h>t of cunil>ersome 
notation and other llutigs thit are desir- 
.dde from .» niatheniatica! pouit of \ie\\ 
III order to gt t e\cr\lhing (xpiessed 
rigoroiisl\ hill do not (ontrihute to the 
pli\si(.d ide.is I he (arlier mathenntus 
tould aK\.i\s be mad( sound lu tint \\a\, 
f)ut lit the r( uoiniah/ation tlieor\ ue 
ha\e a theoT\ lut has defied .dl iht at- 
tempts of th( in.ithennt'i lan to make il 
sound I am uKliiud to susptct tiiat the 
r( iiorniali/.ition theor\ is something that 
w dl TU)t suT\ue in tht 'iiturt . and tli.it 
the nniarkable .igr<(incnt between ils 
results .ind ( \p( iinienl should be lookeil 
un .IS .1 fluke 

I his IS peih.ips not .dtogetlier surpiis^ 
ing. bec.iuse there h.we been sunil.u 
Hukes III the past In fat I, Bohr's elec- 



ds' = cW - dx' - dy' - dz' 



FOUR DIMK.N'^IONAr SYMMETRY introducrd h> the jpccial thror> of rcUli«i(> iv nol 
quilc pcrfctt. This equation u the cxj>re>vion for ihr m\arunt distance in four dinirnMon.l 
^pacc liinr The s> mhol s \s lUe in^xrianl diMancc , c, ihc vpccd of bghl , r, tunc ; x, > and z, 
ihc thrrc ^p^tul dimensions The <i'» are differeiituU The Jack of roniplrie v)ninietr> hes 
in (he fart tnal the contnbuUon from the lime direrlioii ic'dt-'} does not have the ^anie 
Mgn as the c onlributions from (he thr^e ^patlJl directions {- dx^ - t/>-'aud dz-) 



SCHROUINGER'S URST U'A\E KQUATIO.N did not fu experimenjal re^uhs he.auvc it 
did no( lake inlo aciount the ^|>Jn of the electron, vshich v*a» not knov*n al . me The 
equaiion rs a ^enerahiaiion of I)e Hrofjhe'v equation for the motion of a free electron Thr 
8)mJ)ol e re|^re*ellt^ the charge on the electron, i, the square root of minus lu.e h, I'l^nckV 
conManl, r, the diviance from the nucleu^, ^. Schrodin^er's v*a\e function, m, the ma^s of 
the electron The s)mhols resemhhng kixei turned backv^ard are partial derivatives 



SCHRODIMGERS SECOM) \XA\E EQUATION an approximation to the original 
equation, \*hich dor* noi take into account the refinements (hat are required h) relativity 



troll ntbit fbeot\ w as found to gi\( \er\ 
Cond .lyict tneri( w ith obseT\.ition .»> long 
IS oiH ((infiTitd ontself to one ehxtrou 
pKiblnns I think ptopK- will now s.i\ 
'h.'» this .igKcudil was r. fluke, be'.avise 
the b.isu idfMs (d Bohr s or)i!t theor\ 
ha\( been supersided In something 
T.ubc.ilK (bffui'tit I helie\e the su( 
( ess* s of the renormahzaticui theor\ w di 
he on tht s.mie footing as the suet esses 
of the Bohr oihit theor\ applud to one 
t li ctiou probl( ms 

''Phe renormali/ation theor\ has re- 
Tno\(d some of th(se C lass Two dif- 
hudties, if one (.m a((ept the illogu.il 
(haruter of dis( .irditig infinities, but it 
dots not remo\e all of them There are 
a good nianv pioblems left over conterii- 
mg partides ether thin thire that tome 
into elec troth n.im its tli(< ne^' p.irticlcs— 
mesons of various kinds and neutrinos 
Tlure tht theor\ i\ stdl iii a primi'i\e 
staue It IS f.uilv tt^rtain that there will 
ha\e to b<> tlr.isfn. ch.mges iit our funtla- 
intntal ideas heftire thts'> j)rt)blems cm 
Ik soKetl 

One t)f tht pio|)Iems is the t)iie I h.i\ e 
alieuK mentioned about attountmg for 
the number 117 Other prohltms .ire 
how to introduce the fundament.il length 
tt) ph\sif> In stjint ii.itur.d w.iy, how to 
ex)diiii tlw r.itios of the inasst s of the 
clement. irv p.irtith's .md ht>w to explain 
their other prtjpt rtK's I behe\c separate 
ideas will bt iieeth'tl to soke these <hs- 
tinet problems .mtl Ih it they will be 
soKt^l tjiie .It a tune through successive 
stages in the future evolution of phjsics 
At this poml I fintl mjself in disagree- 
ment w ith most ph\ sit ists 1)ie\ art m- 
tlinetl to tl ink one riiastt r uUw wdl be 
tliseo\eied that will solvt .dl these prob- 
lems together I think it is asking too 
ninth to hope that aiutine w ill be .ible to 
std\e all these problems tt)gtther One 
shtnild sep.ir.ite them one frt)ui another 
as nuith as possible and try to tatkle 
tlum stparateK Antl I bclie\e the fu- 
ture th \e|opiueiit of ph\sus wdl consist 
of soKing fht.n tmo at a time, antl that 
after .ui\ one of them has been solved 
tht^re will stdl be .i great invsterv .ibtnit 
how to .ittatk further tmes 

I mitiht jK'ih.ips thstuss some ide.is 
I lia\t had .iboiit bow one can posjiblv 
attatk st)me of the<re pit>blems None of 
these ideas has been worketl out verv 
far, and I tlo not ha\ e much hope for aii\ 
t)nc of thtMn But I think they .ire worth 
meutioiiipg briefly 

One of these itleas is to introduce 
stmiethinii coriesponchng to the lummif- 
erous ether, which was so popular among 
the ph\sitists of the 19lh ccnttir) I saiti 
earlier that physics ch)es not evolve bick- 
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ward When I t <lk .ilxMit r( iiitrndiu ii>j» 
tli(> « tlicr, I (jo not nu tii to ijn k to 
tli«' pKliiK of till I till I til (t (irit liid in 
Ok )*itli < t t.tiir\ litit I (Id in( ui t»njttrn 
()n(( .iii(\s pKtiiK of thi I'tliMtliit \sill 
(onioriii tooni pKvrnt nil .is of <juaiitnni 
thcoiv ()})j< ( Moil tr) tlic old idt.i <if 

tli( ( tin r u.is tint jf \oii snpposc it to 
hv .1 fluid fdlini; up tin uholc of '•put. 
Ill .in\ pj.m- il h.is .1 di finite \i Ik it\ 
wliidi (iestio'.v t^i(> fomdiniciiMon.il 
s\inii)i ti\ i< <|tiii( (1 h\ ( iiist( in s sp( ( i.il 

piinopl* of K l,ltlMt\ I lllst( III s spi ( i.d 

u I.itt\it\ kilhd (Ins <d( ,1 (if the ( thcr 

Hut vMtli our pi(st>iit ijn.intiiin !li('()r\ 
\sc no '(inK( r luxt to .itt.uh .i definite 
\cl(){it\ Jo .inv t;i\( n ph\si(.il tliini; be^ 
t.nrsi tli( \eiont\ is sul))( ( t to iiiu I'r- 
taintv relitions I he sin. ilk i the ni.iss of 
tlie tiling ue in lutt rt stt d in. the more 
iinport.Mit .ir< the uik « it.niit\ rel.ilioiis 
Now, the (ther will ((rt.niiK h.i\( \(rv 
litth' n».iss, so th.it uiu(rt.iiiit\ rel.itions 
for If will he t^trtimK riiport.uil 1 he 
\el()(it\ of the ether .il some p.irtitul.ir 
pl.ice should tin rt fore not he pit tnred ,is 
(lefiiiite, hf(.uise It will he suhjet t to iiii- 
(ert.urit\ rd.iltoiK .uul so m.u he .my- 
thing o\(T . I wide rjii^t of \. dues In that 
way one tan ^et (Aer the difhtulties of 
r( toiK ilmj; the existeiite of .m t therw ith 
the sp(t).il theorv of rt l.iti\it\ 

1 h( ic IS one iinport.mt th.in^c this 
wdl iiiiik(> in our pi( tiire of a \ m uum We 
would like t<i thmk of a \.uiiiiin as .i 
region m \shieh we ha\e toinpletc sjm- 
inetr\ httwetn the four dimensions of 
sp.ite time .is reipured I)\ spt{ lal relativ- 
itv If there is an ether suhjeet to uncer- 
tainty rdations. it will not he possible to 
ha\e ' IS s)ininetr) .ucur.itelv We c.ui 
suppo that the xelocitv of the einer is 
ecju.dl) likely to be .»i\thinij within a 
w ide ran[;e of \ alut^s that would j^ive the 
S)nmidry cmK approxiin.iteK W'e can- 
not m .iii\ precise wax proceed to the 
limit of allowing all \alues for the velot- 
itv l>etwtrii plus and minus the velocity 
of light, whith we would ha\e to do ui 
o der to make the S)minctrv accurate 
Thus the \atuuin becomes a state that is 
unattatn.ible I do not thmk that this is a 
physical objection to the theory It would 
mean that the \'acuum is ,i st.ite we can 
approach \er\' eloselv Hure is no limit 
.IS to }»ow' closely we can approach it, 
but we can never attain it I believe 
tha» would he (piite satisf.,ctory to the 
experimental physicist Jt would, how- 
ever, mean a departure from the notion 
of the \.KUum that we ha\e m the 
quantum theory, where wc start off with 
the yacuum state ha\mg e\a{tly the 
symmetry rcpiircd by .special relati\it\ 
That IS one idea for the deyelopinent 
of pliysics in the future that would 




ERWIN •^CiIROI)IN(;F K < 1887 m] ) drvi-rd his v»ave rqualion U> rxi^nAmf^ I)r Hro^hr's 
ulri thjl v«a\rv arr uKmI vvhIj [)jrli<tc> (o (he fifdron- mosinf; jroimd nurlru. 
This phoio^raph v»js nutJr in IVjg, four jficr he hjiJ i)uh]i-tir<] hi» serond equation 



(hange nnr picture of the \acuum, i)ut 
(hangc It 111 a w.iy tliat is not uuiccept 
able to the experiim nt.d ph\su ist It has 
proved diffic ult to continue w ilii the 
theor\ . bee ause one w ouhi need to set up 
matheinatu .div !he uncertaint\ relitious 
for the ether and so f.ir some satisfactory 
theory aloni; these lines h.is not been dis 
co\ered If it could be de\ eloped satis- 
f.ictorilv, It would gi\c rise to a new kind 
of field in physical theory, which might 
help m explaining some of the eh men- 
tar) partKies 

inother possible picture I should bke 
' * to mention concerns the tjuestion of 
why .ill the electric charges that arc ob- 
s(r\ed m naUiie should be multiples of 
one element. iry unit, c Wh\ does one 
not have a coiitimious distribution of 
charge o((urrmg m n.\ture^ The picture 
I propose goes back to the idea of 
I ai.iday lines of force and in\ol\cs .i 
dc\( lopinenl of this ide.i I he har.ulav 



IiiKS of force are a w.i\ of puturmg elec 
trie fit his If w'(> hue .ill e!((tri( fi(dd in 
.m\ region of space, then according to 
I aiada\ we can draw a s(t of lines that 
ha\o the direclujn of Mie dectric held 
I he { I(>seiiess of the hues to one another 
gi\es .1 incasuit of the strength of the 
frdd-they are close where the field is 
strong aiul less dose where the field is 
weak The Farad.iy lines of force give 
us .1 good picture of the electric field m 
classical theory 

When we go over to (piantum theory, 
we bring a kind of discreteness into our 
basic puture WV tan suppose that thv 
continuous distribution of Far.ida\ lines 
of force that we ha\e m the classical pic- 
ture IS replaced b\ just a few discrete 
lines of f(»r(.e with no hues of force be 
twee n them 

Now. the lines of force in the Fara<la\ 
picture end where there .ire charges 
I In i( fore with these (ju.iiiii/e'd Karada\ 
lines of force it wouhl be leason.ihle to 
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•iHW It , .n |„ « \( It, J i„ ,niir, N ijiiM. 
iwkw.in! Hut iJ tlj< ( It itloil JN till irjONt 

Nt i!.!< Nt..{. I<M (II . t ..I fnau .1/. 
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I (tliCI p(NNmilNtl( llxillt It ,(ll(l (Ml III 

( liiK (I to think iKitM <if tin Ml will Im i^oHil 
( Ultiiuli 1 til tdtiiii I . otiitiiiti iii )) INK 

pliNNUN til It IN to * |\ I ill \i Inpiiu lit 
tll(t will M lllv Nt.l\, OIK 1,1 111, f,„„l , 

■ III lit ll pnil)!i MiN Mu ii ,iN jjiiMii iii; Ml ll" 
<UMil imciit ll 1( nctii i>i ( ,il( 111 itiriL; tin 

I.ltMI of tll< Ml |NM N MI l\ U'ljUMC NuriK 

ilin<iiMi(>M (ll iNtii (IlmiUi mi tini pliv Ni 
^ .ll pi< «iiH I Ills w uiild iiK ,11) tli.it IM oiir 
pi( N( lit .itti mpts t<» think nl J Ml w pli\ Ni 
iilputiirt \\( ,nt Ntttiii'^mii iiii.ii;imi 
tn.i . tl) Wtitk III tl riiiN 1)1 jiia(!( <]ii iti 
pl.\M( ll idiKi ptN It til It IN ualK the 

(.|N< }jUW I.IM\\( }ll)p( to IM.(k(' pid^rCNN 

in till fiituri 

Ili<r( IN 1)111 iitliM ItiK .ilrm^ \\lu\li 
otu I tn still pii)(((d >)\ tltcoT tK.jl 
nu.iiiN It Mdiis to 1m oiu of till hiiid.i 
MK.it.il f(Mlur( N of lutnrc tli.it (tnid.i 
inciit ll pIiVNii.il ki\\N lit (|(N(nl)(d Ml 
U rniN of I iM itlit in iIk d (Ik orv of itk it 
Ik .iu{\ and p<i\\( I in < (Iiml; <nMt( i lu^li 

Nt. Mid. lid of in itlK III itH N foi OIK tl) DM 

di'iNt iiid it \i)M Ml i\ wohdir \\}\\ IN 
M.itiiic iiinNtimt(d .diinn tluNc Imkn- 
OiK I (II only iMN\\(i tji.it inir picNj nt 

kllO\\l(d^( MdllN to nIiow tll.lt ll.(tUI( i\ 
so COIl\tl IK t( d W ( NlMlpK }l.l\( tO.KKpt 

It One tould pcilnpN (l(>N( iih( tin \itii.i 
tidii l)\ N.iMii^ th.it (.!)(! IN a inathdih: 
tu MM of .1 \( i\ lii^h ()id( r iiid H( uM'd 
\<r\ mI\.iiu< <l iiiatli( in.itKN in ( iiiiNtnu ( 
iiij: th( un>\<iM Oui f((l)!( atttniptNat 
mathunati's cii.ihU hn ti^ iiiiddNtind a 
liil of the iiiDvint and .in wo pro((>({| 
tn d<>\<!i>p higher and IiiijIh i inath( 
Hiatus w<' ( ill ho|X' to niuU iNtand the 
iint\<is< lKtt(i 

I Ills \ lew pii)\Kl(N in with aiiotlMf 
wa\ in whuh we can liop to iii.iki' .id- 
\aiu(N III (Mil th(. 11 N just I)\ NtudMii<j 
ni.itfiOM.itKs \\( (an liupc to iii iki a 
HiRNN at ihi kind oi inithdiiittis that 
Will (i)iiu' into th( ph\ M( N of tlic fiit(ir(> 
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\ ^ood rn in\ people iti woikni^ on tlu 
Ml itliciii itM al h.iNiN of ijdiiituni till on, 
tiMML; to iiiidirstind till iIkiiin Ixtlci 
and to Milk* it nioK [)ow(ifiil and iiiotc 
1)1 irtitnl if NoiiM oTK I (II hit on the' 
iicht ' i)(N aloMi^ wliK h to III ik( tliiN dc 
\('lopjii< lit it Mia\ It.id to .1 fii{iir( ad 
\ iiK ( III wliK h p( oplc w ill liiNt diNi ()\( I 
th( (>ip»atioiiN iiid th« M ifti I t'X.niiMiiii^ 
{h( III ^ladnalK U> irii liow to .i| ^)\\ 
tli« til l() Nome ( xtcnt tint c oik NpomU 
with t}i( line of d( \ i !> ipuK^nt tliat (k 
(Uir(d with St hi(»diiij;(T \ diNi o\ crv of 
liiNW.i\< (ipijtio'i S( hii)djiiu( I di\( )\ 
('r(d the (ipiatioii NiiripK l)\ looking iir 
an eipi.ittoii NMth iM,tth( iii.itKal l)('aiit\ 

\Ml( II th< ( ipMtluM W In fllNt d|Nio\ ( lC(h 

pcdpN saw th It It httdl in (( itaiii w i\n, 
hut t|i( ^(iKril piiiKiplcN a((i)iduiji to 
whuh OIK slioiild appK it \\(ic worked 
out ouK sonic two or tliK c \ ( ais later It 
III i\ will 1h' that tlu IK \t .Kl\aii<t m 
ph\NUN will (oiiu about aluiij;» the\f 
lines peopI( fir\t di5.(o\eiiiiu the eipia 



tioiis aiid th< n Ml ((line; .i f< w \tMrs of 
di \i iopiiu lit ill ()id( r to find the pluNKal 
nil IS Ix hind tlie i ipi idons \I\ own 1)0. 
Inf IS th.it this i\ a iiioie hk(>!\ line of 
pio^it s^ th.iii tr\ 11115 t<i giu«s at pluMc.d 
pit tUK s 

Of (odui-, It ina\ ht' th.it t\t'ii tins line 
of projriess will fail, ami tht-n the oiil> 
hue left is the rxjX riineiit.il one Kxperi 
iiKiitd ph\siiiNfN .lie (ontinniiig their 
woik (piil( indepdidentlv of tlu'orv. co\- 
ledinji a vast staidioiist of iiiforin.itioil 
Sivtier 01 lat<r there will hf a new 
Ms ..I nhei^ who will he ahlt. to pick out 
the iinpaitaiit feutiiies of this inforiiu- 
tion and \ec how to ijst- thnn m a wa\ 
siiMilar to tliat 111 which Heist'iilH-i^ used 
the experiiMCiit.il know leilge Jpeitr.j 
to hinld his matrix im'(hdi)ic& It js in- 
<'vit.ihlt that ph\MCS will devflop ttlti. 
HutcK along tlitse lines, but we m.tv 
h.nc to wait ijnite a long time if peopit- 
do not get bright ideas for developing 
the theoretical side 
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The greatest theoretical physicist in Cambridge was P. A. M. 
Dirac, one of the outstanding scientists of our generation, then a 
young man about thirty. He still occupies the chair of math- 
ematics, the genealogy of which can be traced directly to 
Newton. 

I knew nothing of Dirac, except that he was a great math- 
ematical physicist. His papers, appearing chiefly in the Proceed- 
ings of the Royal Society, were written with wonde-ful clarity 
and great imagination. His name is usually linked with those of 
Heisenberg and Schroedinger as the creators of quantum me- 
chanics. Dirac's book The Principles of Quantum Mechanics is 
regarded as the bible of modern physics. It is deep, simple, lucid 
and original. It can only be compared in its importance and ma- 
turity to Newton's Principia. Admirec' by everyone as a genius, 
as a great star in the firmament of English physics, he created 
a legend around him. His thin figure with its long hands, 
walking in heat and cold without overcoat or hat, was a familiar 
one to Cambridge students. His loneliness and shyness were 
famous among physicists. Only a few men could penetrate his 
solitude. One of the fellows, a well-known physicist, rold me: 

"I still find it very difficult to talk with Dirac. If I need his 
advice I try to formulate my question as briefly as possible. 
He looks for five minutes at the ceiling, five minutes at the win- 
dows, and then says 'Yes' or 'No.' And he is always right." 

Once-according to a story which I heard-Dirac was lectur- 
ing in the United States and the chairman called for questions 
af':er the lecture. One of the audience said: 

"I did not understand this and this in your arguments." 

Dirac sat quietly, as though the man had not spoken. A dis- 
agreeable silence ensued, and the chairman turned to Dirac un- 
certainly: 

"Would you not be kind enough. Professor Dirac, to answer 
this question.'" 
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To which Dirac replied: "It was not a question; it was a state- 
ment." 

Another story also refers to his stay in the United States. He 
lived in an apartment with a famous French physicist and they 
invariably talked English to each other. Once the French physi- 
cist, finding It difficult to explain something in English, asked 
Dirac, who is half English and half French: 

"Do you speak French?" 

'Tes. French is my mother's tongue," answered Dirac in an 
unusually long sentence. The French professor burst out: 

''And you say this to me now, having allowed me to speak my 
bad, painful English for weeks! Why did you not tell me this 
before^" 

"You did not ask me before," was Dirac's answer. 

But a few scientists who knew Dirac better, who managed 
after years of acquaintance to talk to him, were full or praise of 
his gentle attitude toward everyone. They believed that: his sol- 
itude was a result of shyness and could be broken in time by 
careful aggressiveness and persistence. 

These idiosyncrasies made it difficult to work with Dirac. The 
result has been that Dirac has not created a school by personal 
contact. He h?s created a school by his papers, by his book, but 
not by collaboration. He is one of the very few scientists who 
could work even on a lonely island if he had a library and could 
perhaps even do witliou. books and journals. 

When I visited Dirac for the first time I did not know how 
difficult it was to talk to him as I did not then know anyone who 
could have warned me. 

I went along the narrow wooden stairs in S: John's College 
and kn.. ^ed at the door of Dirac's room. He opened it silently 
and with a friendly gesture indicated an armchair. ? sat down 
and waited for Dirac to start the conversation. Complete silence. 
I began by warning my host that I spoke very little English. A 
friendly smile but again no answer. I had to go further: 

"I talked with Professor Fowler. He told me that I am sup- 
posed to work with you. He suggested that I work on the in^ 
temal conversion eflfect of positrons." 



No answer. I waited for some time and tried a direct question: 
"Do you have any objection to my working on this subject?" 
"No." 

At least I had got a word out of Dirac. 

Then I spoke of the problem, took out my pen in order to 
write a formula. Without sayi ig a word Dirac got up and 
brought paper. But my pen refused to write. Silently Dirac took 
out his pencil and handed it to me. Again I asked him a direct 
question to which I received an answer in five words which 
took me two days to digest. The conversation was finished. I 
made an attempt to prolong it. 

"Do you mind if I bother you sometimes when I come across 
difficulties?" 

"No." 

I left Dirac's room, surprised and depressed. He was not for- 
bidding, and I should have had no disagreeable feeling had I 
known what everyone in Cambridge knew. If he seemed peculiar 
to Englishojen, how much more so he seemed to a Pole who had 
polished his smooth tongue in Lwow cafes! One of Dirac's prin- 
ciples is: 

"One must not start a sentence before one knows how to 
finish it." 

Someone in Cambridge generalized this ironically: 
"One must not start a life before one knows how to finish it." 
It is difficult to make friends in England. The process is slow 
and it takes time for one to graduate from pleasantries about the 
weather to personal themes. But for me it was exactly right. I 
was safe because nobody on the island would suddenly ask me: 
"Have you been married?" No conversation would even ap- 
proach my personal problems. The gossipy atmosphere of 
Lwow's cafes belonged to the past. How we worked for hours, 
analyzing the actions and reactions of others, inventing talks and 
situations, imitating their voices, mocking rheir weaknesses, lift- 
ing gossip to an art and cultivating it for its own sake! I was glad 
of an end to these pleasures. The only remarks which one is 
likely to hear from an Englishman, on the subject of another s 
personality, are: 



"He is very nice." 

"He is quite nice." 

Or, in the worst case: 

"I believe that he is all right." 

From these few variations, but much more from the subtle 
way m which they are spoken, one can gain a very fair picture 
after some practice. Bur the poverty of words kills the conversa- 
tion after two minutes. 

The first month I met scarcely anyone. The problem on which 
I worked required tedious calculations rather than a search for 
new :deas. I had never enjoyed this kind of work, but I deter- 
mined to learn its technique. I worked hard. In the morning I 
went to a small dusty library in the Cavendish Laboratory Every 
time I entered this building I became sentimental. If someone had 
asked me, "What is the most important place in the world'" I 
would have ans^vered: "The Ca^'endish Laboratory." Here Max- 
well and J J. Thomson worked. From here, in the last years 
under Rutherford's leadership, ideas and experiments emerged 
which changed our picture of the exiemal world. Nearly aU the 
great physicists of the world have lectured in this shabby old 
auditonum which is, by the way, the worst I have ever seen. 

I studied hard aU day until late at night, interrupted only by a 
movie which took the place of the missing English conversation 
I knew that I must bring lesults back ro Poland. I knew what 
happened to anyone who returned empty-handed after a year on 
a fellowship. I had heard conversations on the subject and I 
needed only to change the names about to have a conple'e pic- 
ture; ^ 

^ land? ^"^^^^ ^'^ ^^^^ ^\re2dy. What did he do in Eng- 

B: We have just searched carefully through the science abstracts 
He didn t publish anything during the whole year. 

A: What.' He couldn't squeeze out even one brief paper in nvelve 
months, when he had nothing else to do and had the best help 
m the world.' ^ 

B: I'm sure he didn't. He is finished now. I am really very sorry for 
him. Loria ought to have known better than to make a fool of 
himself by recommending Infeld for a Rockefeller fellowship 



A: We can have fun when Loria comes here. We'll ask him what his 
protege did in England. Loria is very talkative. Let's give him a 
good opportunity. 

B: Yes. It will be quite amusing. What about innocently asking 
Infeld to give a lecture about Cambridge and his work there? It 
will be fun to see him dodging the subject of his own work. 

This is the way academic failure was discussed in Poland. I 
should have little right to object. Bitter competition and lack 
of opportunity create this atmosphere. 

When I came to Cambridge, before the academic year began, 
I learned that Professor Born would lecture there for a year. His 
name, too, is well known to every physicist. He was as famous 
for the distinguished work which he did in theoretical physics 
as for the school which he created. Bom was a professor in Goet- 
tingen, the strongest mathematical center of the world before it 
was destroyed by Hitler. Many mathematicians and physicists 
from all over the world w'ent to Goettingen to do research in the 
place associated with the shining names of Gauss in the past and 
Hilbert in the present. Dirac had had a fellowship in Goettingen 
and Heisenberg obtained his docentship there. Some of the most 
important papers in quantum mechanics were written in collab- 
oration by Bom and Heisenberg. Bom was the first to present 
the probability interpretation of quantum mechanics, intro- 
ducing ideas w^hich penetrated deeply into philosophy and are 
linked with the much-discussed problem of determinism and 
in determinism. 

1 also knew that Bom had recently published an interesting 
note in Nature, concerning the generalization of Maxwell's 
theory of electricity and had announced a paper, deahng at 
length with this problem which would appear shortly in the 
Proceedings of the Royal Society. 

Being of Jewish blood. Professor Bom had to leave Germany 
and immediately received five offers, from which he chose the 
invitation to Cambridge. For the first term he announced a course 
on the theory on which he was working. 

I attended his lectures. The audience consisted of graduate 
students and fellows from other colleges, chiefly research work- 



ers. Born spoke English with a heavy German accent. He was 
about fifty, with gray hair and a tense, intelligent face with eyes 
in which the suffering expression was intensified by fatigue. In 
the beginning- 1 did not understand his lectures fully. The whole 
general theory seemed to be sketchy, a program rather than a 
finished piece of work. 

His lectures and papers revealed the difference between the 
German and English style in scientific work, as far as general 
comparisons of this kind make any sense at all. It was in the tra- 
dirion of the German school to publish results quickly. Papers 
appeared in German journals six weeks after they were sent to 
the editor. Characterisric of this spirit of competition and prior- 
ity quarrels was i story which Loria told me of a professor of his 
in Germany, a most distinguished man. This professor had at- 
tacked someone's work, and it turned out that he had read the 
paper too quickly; his attack was unjustified, and he simply had 
not taken the trouble to understand what the author said. When 
this was pointed out to him he was genuinely sorry that he had 
published a paper containing a severe and unjust criticism. 
But he consoled himself with the remarkr ''Better a wrong paper 
than no paper at all." 

The English style of work is quieter and more dignified.. No 
one is interested in quick publishing, and it matters much less to 
an Englishman when someone else achieves the same results and 
publishes them a few days earlier. It takes sLx months to print a 
paper in the Proceedings of the Royal Society. Priority quarrels 
and stealing of ideas are pracrically unknown in England. The 
atritude is: "Better no paper at all than a wrong paper." 

In the beginning, as I have said, I was not greatly impressed 
with Born's results. But later, when he came to the concrete 
problem of generalizing Maxwell's equations, I found the sub- 
ject exciting, closely related to the problems on which I had 
worked before. In general terms the idea was: 

Maxwell's theory is the theory of the electromagneric field, 
and it forms one of the most important chapters in theoretical 
physics. Its great achievement lies in the introduction of the con- 
cept of the field. It explains a wide region of experimental facts 



but, like every theory, it has its Hniitations. Maxweirs theory does 
not explain why elementary particles like electrons exist, and it 
does not bind the properties of the field to those of matter. 

After the discovery of elementary particles it was clear that 
Maxwell's theory, like all our theories, captures only part of the 
truth. And again, as always in pliysics, attempts \\-ere made i j 
cover, through modifications and generalizations, a wider range 
of facts. Born succeeded in generahzing Maxwell's equations and 
replacing them by new ones. As their first approximation these 
new equations gave the old laws confirmed by experiments. 
But in addition they gave a new solution representing an elemen- 
tary particle, the electron. Its phy.-xal properties were deter- 
mined to some extent by the new laws governing the field. The 
aim of this new theory was to form a bridge between two hith- 
erto isolated and unreconciled concepts: field and matter. Born 
called it the Unitary Field Theory, the name indicating the union 
of these two fundamental concepts. 

After one of his lectures I asked Born whether he would lend 
me a copy of his manuscript. He gave it to me with th"" assur- 
ance that he would be very happy if I would help him. I wanted 
to understand a point which had not been clear to nie during rhe 
lecture and wh'cli seemed to me to be an essential step. Born's 
new theory allowed the construction of an elementary particle, 
the electron, with a finite mass. Here lay the essential difference 
between Born's new and Maxwell's old theories. A whole chain 
of argument led to this theoretical determination of the mass of 
rhe electron. I suspected that something was wrong in this deri- 
vation. On the evening of rhe day I received the paper the point 
suddenly became clear to me. I knew that rhe mass of the elec- 
tron was wrongly evaluated in Born's paper and I knew how to 
find the right value. My whole argument seemed simple and con- 
vincinj to me. I could hardly wit to tell it to Born, sure that he 
would see my point immediately. The next day I went to him 
after his lecture and said: 

"I read your paper; the mass of the electron is wrong." 

Horn's face looked even more tense than usual. He said: 

"This is very interesting. Show me why.'' 



Two of his audience were still present in the lecture room. I 
took a piece of chalk and wrote a relativistic formula for the 
mass density. Born interrupted me angrily; 

"This problem has nothing to do with relativity theory, I 
don't like such a formal approach. I find nothing wrong with 
the way I introduced the mass." Then he turned toward the two 
students who were listening to our stormy discussion. 

"What do you think of my derivation?" 

They nodded their heads in full approval. I put down the 
piece of chalk and did not even try to defend my point. 

Born felt a little uneasy. Leaving the lecture room, he said: 

"I shall think it over." 

I was annoyed at Born's behavior as well as at my own and 
was, for one afternoon, disgusted with Cambridge. I thought: 
"Here I met tv/o great physicists. One of them does not talk. I 
could as easily read his papers in Poland as here. The other talks, 
but he is rude." I scrutinized my argument carefully but could 
find nothing wrong with it. I made some further progress and 
found that new and interesting consequences could be drawn if 
the "free densities" were introduced relativistically. A different 
interpretation of the uniti.ry theory could be achieved which 
would deepen its physical meaning. 

The next day I went again to Born's lecture. He stood at the 
door before the lecture room. When I passed him he said to me: 
am waiting for you. You were quite right. We will talk it 
over after the lecture. You must not mind my being rude. Every- 
one who has worked with me knows it. I have a resistance 
against accepting something from outside. I get angry and swear 
but always accept after a time if it is right." 

Our collaboration had begun with a quarrel, but a day later 
complete peace and understanding had been restored. I told Born 
about my new interpretation connecting more closely and 
clearly, through the "free densities," the field and particle as- 
pects. He immediately accepted these ideas with enthusiasm. Our 
collaboration grew closer. We discussed, worked together /fter 
lectures, in Born's home or mine. Soon our relationship became 
informal and friendly. 



I ceased to work on my old problem. After three months of 
my stay in Cambridge we published together two notes in 
Nature, and a long paper, in which the foundations of the New 
Unitary Field Theory were laid down more deeply and care- 
fully than before, was ready for publication in the Proceedings 
of the Royal Society, 

For the first time in my life I had close contact with a famous, 
distinguished physicist, and I learned much through our relation- 
ship. Born came to my home on his bicycle whenever he wished 
to communicate with me, and I visited him. unannounced, when- 
ever I felt like it. The atmosphere of his home was a combination 
of high intellectual level with heavy Germany pedantry. In the 
hall there was a wooden gadget announcing which of the mem- 
bers of the family were out and which were in. 

I marveled at the way in which he managed his heavy corre- 
spondence, answering letters with incredible dispatch, at the 
same time looking through scientific papers. His tremendous col- 
lection of reprints was well ordered; even the reprints from 
cranks and lunatics were kept, under the heading **Idiots." Born 
functioned like an entire institution, combining vivid imagination 
with splendid organization. He worked quickly and in a restless 
mood. As in the case of nearly all scientists, not orly the result 
was important but the fact that he had achieved it. This is human, 
and scientists are human. The only scientist I have ever met for 
whom this personal aspect of v^ork is of no concern at all is 
Einstein. Perhaps to find complete freedom from human 
weakness we must look up to the highest level achieved by the 
human race. There was something childish and attractive in 
Born's eagerness to go ahead quickly, in his restlessness and his 
moods, which changed suddenly from high enthusiasm to deep 
depression.. Sometimes when I would come with a new idea he 
would say rudely, "I think it is rubbish," but he never minded if 
I applied the same phrase to some of his ideas. But the great, the 
celebrated Born was as happy and as pleased as a young student 
at words of praise and encouragement. In his enthusiastic atti- 
tude, in the vividness of his mind, the impulsiveness with which 
he grasped and rejected ideas, lay his great charri. Near his bed 



he had always a pencil and a piece of paper on which to scribble 
his inspirations, to avoid turning them c er and over in his mind 
during sleepless nights. 

Once I asked Born how he came to study theoretical physics. 
I was interested to know at what age the first impulse to choose 
a definite path in life crystalizes. Born told me his story. His 
father was a medical man, a university professor, famous and 
rich. W^hen he died he loft his son plenty of money and good 
advice. The money was sufficient, in normal times, to assure his 
son's independence. The advice was simply to listen during his 
first student year to many lectures Cxi many subjects and to make 
a choice only at the end of the first year. So young Born went to 
the university at Breslau, listened to lectures on law, literature, 
biology, music, economics, astronomy. He liked the astronomy 
lectures the most. Perhaps not so much for the lectures them- 
selves as for the old Gothic building in which they were held. 
But he soon discovered that to understand astronomy one must 
know mathematics. He asked where the best mathematicians in 
the world were to be found and was told "Goettingen." So he 
went CO Goettingen, where he finished his studies as a theoretical 
physicist, habilitated and finally hecame a professor. 

"At that time, before the war," he added, "I could have done 
whatever I wanted with my life since I did not even know what 
the struggle for existence meant. I believe I could have become a 
successful writer or a pianist. But I found the work in theoretical 
physics more pleasant and more exciting than anything else." 

Through our work I gained confidence in myself, a c^onfidence 
that was strengthened by Bom's assurance that ours was one of 
the pleasantest collaborations he had ever known. Loyally he 
stressed my contributions in his lectures and pointed out my share 
m our collaboration. I ^^■as happy in the excitement of obtaining 
new results and in the conviction that I was working on essential 
problems, the importance of which I certainly exaggerated. Hav- 
ing new ideas, turning blankness into understanding, suddenly 
finding the right solution after weeks or months of painful doubt, 
creates perhaps the tiigliest emotion man can experience. Every 
scientist knows this feeling of ecstasy even if his achievements 
are small. But this pure feeling of Eureka Is mixed with overtones 
of very human, selfish emotions: "/ found it; / will have an im- 
portant paper; it will iielp me in my career." I was fully aware 
of the presence of these overtones in my own consciousness. 



ERIC 



170 



I am this Whole World: Erwin Schrodinger 

Jeremy Bernstein 



There is a parlor game often played by my colleagues 
in physics. It consists of trying to decide whether the 
physicists of the extraordinary generation that pro- 
duced the modern quantum theory, in the late 
twenties, were intrinsically more gifted than our pres- 
ent generation or whether they simply had the good 
fortune to be at the height of their creative powers 
(for physicists, with some notable exceptions, this lies 
between the ages of twenty-five and thirty-five at a 
time when there was a state of acute and total crisis in 
physics— a crisis brought about by the fact that existing 



physics simply did not account for what was known about 
the atom. In brief, if our generation had been alive at that 
time, could we have invented the quantum theory? 

It is a question that will never be answered. But there is 
no doubt that the group of men who did invent the theory 
was absolutely remarkable. Aside from Max Planck and 
Einstein (it was Planck who invented the notion of the 
quantum— the idea that energy wac always emitted and 
absorbed in distinct units, or quanta, and not continu- 
ously, like water flowing from a tap-and it was Einstein 
who pointed out how Planck's idea could be extended and 
used to explain a variety of mysteries about matter and 
radiation that physicists were contending with) , who did 
their important work before 1925, the list includes Niels 
Bohr, who conceived the theory that the orbits of electrons 
around atoms were quantized (electrons, according to the 
Bohr theory, can move only in special elliptical paths— 
"Bohr orbits"— around the nucleus and not in any path, as 
the older physics would have predicted) ; Prince Louis de 
Broglie, a French aristocrat who conjectured in his doc- 
toral thesis that both light and matter had particle and 
wave aspects; Werner Hcisenberg, who made the first 
breakthrough that led to the mathematical formulation of 
the quantum theory, from which the Bohr orbits can be 
derived, and whose "uncertainty relations" set the limita- 
tions on measurements of atorric systems; P. A. M. Dirac, 
who made basic contributions to the mathematics of the 
theory and who showed hov it could be reconciled with 
Einstein's theory of relativity; Wolfgang Fauli, whose "ex- 
elusion principle" led to an explanation of why there is a 
periodic table of chemical elements; Max Bom and Pas- 
cual Jorcan, who contributed to the interpretation of the 
theory; and, finally, Erwin Schrodinger, whose Schrodinger 
Equation is in many ways the basic equation of the 
quantum theory, and is to the new physics what Newton's 



laws of motion were to the physics that went before it. 

While Heisenberg, Pauli, and Dirac were all in their 
early twenties when they did their work, de Broglie and 
Bohr were older, as was Schrbdinger, who was born in 
Vienna in 1887. In 1926, he published the paper in which 
his equation was formulated. Oddly, just a few years be- 
fore, he had decided to give up physics altogether for 
philosophy. Philipp Frank, who had been a classmate of 
Schrodinger's in Vienna, once told me that just before 
Schrodinger began his work on the quantum theory he 
had been working on a psychological theory of color per- 
ception. Schrodinger himself writes in the preface of his 
last book. My View of the World (Cambridge) , published 
posthumously (he died in 1961), **In 1918, when I was 
thirty-one, I had good reason to expect a chair of theo- 
retical physics at Czernowitz. ... I was prepared to do 
a good job lecturing on theoretical physics . . . but for 
the rest, to devote myself to philosophy, being deeply 
imbued at the time with the writings of Spinoza, Schopen- 
hauer, Ernst Mach, Richard Semon, and Richard Aven- 
arius. My guardian angel intervened; Czernowitz soon no 
longer belonged to Austria. So nothing came of it. I had to 
stick to theoretical physics, and, to my astonishment, some- 
thing occasionally emerged from it." 

The early quantum theoreticians were a small group, 
mainly Europeans, who knew each other well. There was 
among them a sense of collaborating on one of the most 
important discoveries in the history of physics. In his 
Science and the Common Understanding, Robert Oppen- 
heimer wrote, "Our undc**^tanding of atomic physics, 
of what we call the quantum theory of atomic systems, 
had its origins at the turn of the century and its great 
synthesis and resolutions in the nineteen-t\;enties. It was a 
heroic time. It was not the doing of any one man; it in- 
volved the collaboration of scores of scientists from many 
different lands, though from first to last the deeply creative 



and subtle and critical spirit of Niels Bohr guided, re- 
stMined, deepened, and finally transmuted the enterprise. 
It was a period of patient work in the laboratory, of crucial 
experiments and daring action, of many false starts and 
many untenable conjectures. It was a time of earnest corre- 
spondence and hurried conjectures, of debate, criticism, 
and brilliant mathematical improvisation. For those who 
participated, it was a time of creation; there was terror ajs 
well as exaltation in their new insight. It will probably not 
be recorded very completely as history. As history, its re- 
creation would call for an art ai high as the story of 
Oedipus or the story of Cromwell, yet in a realm of action 
so remote from our common experience that it is unlikely 
to be known to any poet or any historian." 

However, as the outlines of the theory became clearer, a 
sharp division of opinion arose as to the ultimate signifi- 
cance of it. Indeed, de Broglie,, Einstein, and Schrodinger 
came to feel that even though the theory illuminated vast 
stretches of physics and chemistry ("All of chemistry and 
most of physics," Dirac wrote) , there was fundamentally 
something unsatisfactory about it. The basic problem that 
troubled them was that the theory abandons causation of 
the kind that had been the goal of the classical physics of 
Newton and his successors: In the quantum theory, one 
cannot ask what one single electron in a single atom will 
do at a given time; the theory only describes the most 
probable behavior of an electron in a large collection of 
electrons. The theory is fundamentally statistical and deals 
solely with probabilities. The Schrodinger Equation en- 
ables one to work out the mathematical expressions for 
these probabilities and to determine how the probabilities 
will change in time, but according to the accepted inter- 
pretation it does not provide a stepby-step description of 
the motion of, say, a single electron in an atom, in the way 
that Newtonian mechanics projects the trajectory of a 
planet moving around the sun. 



To most physicists, these limitations arc 3 fundamental 
limitation, in principle, on the type of information that 
can be gathered by carrying out measurements of atomic 
systems. These limitations, which were first analyzed by 
Heisenberg and Bohr, are summarized in the Heisenberg 
uncertainty relations, which state, generally speaking, that 
the very process of making most measurements of an 
atomic system disturbs the system's behavior so greatly that 
it is put into a state qualitatively different from the one it 
was in before the measurement. (For example, to measure 
the position of an electron in an atom, one must illumi- 
nate the electron with light of very short wave length. This 
light carries so much momentum that the process of illu- 
rainating the electron knocks it clear out of the atom, so a 
second measurement of the position of the electron in the 
atom is impossible. "We rrurder to dissect," as Words- 
worth has said.) The observer— or, really, his measuring 
apparatus— has an essential influence on the observed. The 
physicists who have objected to the quantum theory feel 
that this limitation indicates the incompleteness of the 
theory and that there must exist a deeper explanation that 
would yield the same universal agreement with experi- 
ment that the quantum theory does but that would allow a 
completely deterministic description of atomic events. 
Naturally, the burden of finding such a theory rests upon 
those who feel that it must exist; so far, despite the re- 
peated efforts of people like de Broglie, Einstein, and 
Schrodinger, no such theory has been forthcoming. 

Schrodinger, who was a brilliant writer of both scientific 
texts and popular scientific essays, summarized his distaste 
for the quantum theory in an essay entitled Are There 
Quantum Jumps? published in 1952: "I have been try- 
ing to produce a mood that makes one wonder what parts 
of contemporary science will still be of inteiest to more 
than historians two thousand years hence. There have 
been ingenious constructs of the human mind that gave an 



exceedingly accurate description of observed facts and have 
yet lost all interest except to historians. I am thinking; of 
the theory of epicNcles. [Thi.s theory was used, especially 
I)y the Alexandrian astronomer Ptolemy, to account for 
the extremely complicated planetary motions that had 
heen observed: it postulated that they were compounded 
of innumerable snnple circular motions. Reduced to the 
.simplest terms, a planet was presumed to move in a small 
cnde around a point that moved in a large circle around 
the earth. The theory was leplaced by the assumption, 
conceived by Copernicns and Kepler, that the planets 
mo\e in elliptical orbits around the sun.] I confess to the 
heretic il \iew chat their modern counterpart in physical 
theorv are the quantum jumps." In his intioduction to 
My I'tnu of the World, Schrckimger puts his belirf even 
more .strongly: "There is one cc^niplaint which I shall not 
csca')e. Not a word h «aid here of acausality, wave mechan- 
ics, indeterminacy relations, complementarity, an expand- 
ing universe, continuous creaticm, etc. AVhy doesn't he 
talk about what he knows instead of trespassing on the 
professional philosopher's preserves? Ne suior supra crepi- 
(hnn. On this I can cheerfully justify myself: because I do 
not tlnnk that these things have as much connection as is 
currently supposed with a philosophical view of the 
world." There is a story that after Sclirc>dinger lectured, in 
the twenties, at the Institute of Theoretical Physics, in 
Copenhagen, in which Bohr was tearhing, on the implica- 
tions ol his e(]uation. a vigorous df *>ate took place, in the 
course of which Schnklinger remarked that if he had 
kn(;u'n that the whole thing would be taken lo seiiou^ly he 
never would have invented it in the first plac 

Schiodinger was too great a scientist not to recognize the 
significance of the all but universal success of the quantum 
theory-it accounts not only for "all of chemistry and most 
of ph)sic.s" but even for astronomy; it can be used, for 
example, to make very precise computations of the energy 



generated in the nuclear reactions that go on in the sun 
and other stars. Indeed, Schrodinger's popular master- 
piece, What Is Life? deals with the impact of quantum 
ideas on biology and above all on the molecular processes 
that underlie the laws of heredity. The two striking fea- 
tures of the hereditary mechanism are its stability and its 
changeability— the existence of mutations, which allow for 
the evolution of a biological species. The characteristics 
that are inherited by a child from its mother and father are 
all contained in several large organic molecules— the genes. 
Genes are maintained at a fairly high temperature, 98° F., 
in the human body, which means that they are subject to 
constant thermal agitation. The question is how does this 
molecule retain its identity through generation after gen- 
eration. Schrodinger states the problem brilliantly: "Let 
me throw the truly amazing situation into relief once 
again. Several members of the Habsburg dynasty have a 
peculiar disfigurement of the lower lip ('Habsburger 
Lippe') . Its inheritance has been studied carefully and 
published, complete with historical oortrairs, by the Im- 
perial Academy of Vienna, under the auspices of the fam- 
ily. . . . Fixing our attention on the portraits of a memb-^r 
of the family in the sixteenth century and of his desrer.d- 
ant, living in the nineteenth, we may safely assume that 
the material gene structure responsible for the abnormal 
feature has been carried on from generation to generation 
through the centuries faithfully reproduced at every one 
of the not very numerous cell divisions that lie between. 
. . . The gene has been kept at a temperature around gST. 
during all that time. How are we to understand that it 
has remained unperturbed by the disordering tendency of 
the heat motion for centuries?" 

According to the quantum theory, the stability of any 
chemical molecule has a natural explanation. The mole- 
cule is in a definite energy state. To go from one state to 
another the molecule must absorb just the right amount of 



energ>'. If too little energ\' is supplied, the molecule will 
not make the transition. This situation differs completely 
from that envisaged by classic-^, physics, in whieh the 
change of state can i»chieved by absorbing any energy. It 
''an be shown that the thermal agitations that go on in the 
human body do not in general supply enough energy to 
cause such a transition, but mutations can take place in 
those rare thermal processes in which enough energy is 
available to alter the gene. 

What Is Life? was published in 1944. Since then the 
field of molecular biology has become one of the most 
active and exciting in all science. A eood deal of what 
Schrodinger said is now dated. But he ^ook has had an 
enormous influence on physicists and biologists in that it 
hints how the two disciplines join together at their base. 
Schrodinger, who received the Nobel Prize jointly with 
Dirac, in 1933, succeeded Max Planck at the University of 
Berlin in 1927. When Hitler came to power, Schrodinger, 
although not a Jew, was deeply affected b\ the political 
climate. Phili^^p Frank has told me that Schrodinger at- 
tempted to intervene in a Storm Trooper raid on a Jewish 
g:hetto and would have been beaten to death if cue of the 
troopers, who had studied physics, had not recognized him 
as Germany's most recent Nobel Laureate and persuaded 
his colleagues .0 let him go. Shortly afterward, Schro- 
dinger went to England, then back to Austria, then to 
Belgium, when Austria fell, and finally to the Dublin In- 
nirute for Advanced Studies, where he remained until be 
returned to Vienna, in 1956. By the end of his life, he must 
have mastered as much general cuiture-scientific and non- 
scientific-as u possible for any single person to absorb 
ui this age of technical specialization. He read widely in 
several languages, and wrote perceptively about the rela- 
tion between science and the humanities and about Greek 
science, in which he was particularly interested. He even 
wrote poetry, which, I am told, was extremely romantic. 



(The pictures of Schrodin^er as a young man give him a 
Byronic look.) What kind of personal metaphysics would 
such a man derive from his reading and experience? In 
My View of the World, he leaves a partial answer. 

My View of the World consists of two long essays— one 
written in 1925, just before the discovery of the Schro- 
dinger Equation, and one written in i960, just before his 
death. In both essays he reveals himself as a mystic deeply 
influenced by the philosophy of the Vedas. In 1925 he 
writes. "This life of yours which you are living is not 
merely a piece of the entire existence, but is in a certain 
sense the whole; only this whole is not so constituted that 
it can be surveyed in one single glance. This, as we know, 
is what the Brahmins express in that sacred, mystic for- 
mula which is yet really so simple and so clear: Tat tvam 
asi, this is you. Or, again, in such words a3 'I am in the east 
and in the west. I am below and above, / am this whole 
world,' " and in the later essay he returns to this theme. 
He does not attempt to derive or justify h\z convictions 
with scientific argument. In fact, as he stresses in his pref- 
ace, he ^eels that modern science, his own work included, 
is not relevant to the search for the underlying metaphysi- 
cal and moral truths by which one lives. For him. they 
must be intuiavely, almost mystically arrived at. He 
writes, "It is the vision of this truth (of which the indi- 
vidual is seldom conscious in his actions) which underlies 
all morally valuable activity. It brings a man of nobility 
not only to risk his life for an end which he recognizes or 
believes to be good but— in rare cases— to lay it down in 
full serenity, even when there is no prospect of saving his 
own person. It guides the hand of the well-doer— this per- 
haps even more rarely— when, without hope of future 
reward, he gives to relieve a stranger's su»Tf*ring what he 
cannot spare without suifering himself." 

In i960. I had the chance to visit Schrodinger in 
Vienna. I was studying at the Boltzmann Institute for 



Theoretical Physics, whose director, Walter Thirring. is 
the son of Hans Thirring, a distinguished Austrian physi- 
cist, also a classmate of Schrodinger. Schrodinger had been 
very ill and he rarely appeared at the Institute. But he 
enjoyed maintaining;- his contact ^^•ith physics *md the 
young physicists who were working under Walter 
Thirring. Thirring took a small group of us to visit Schro- 
dinger. He lived in an old-fashioned Viennese apartment 
house, with a rickety elevator and dimly lit hallways. The 
Schrodinger living room-librar)' w^as piled to the ceiling 
with books, and Schrodinger was in the process of writing 
the second of the two essays in My View of the World. 
Physically he was extremely frail, but his intellectual vigor 
was intact. He told us some of the lessons that modern 
scientists might learn from the Greeks. In particular, he 
stressed the recurrent theme of the writings of his later 
years— that modern science may be as far from rev^Jing 
the underlying laws of the natural universe as was the 
science of ancient Greece. It was clear from watching and 
listening to him that the flame that illuminated his intel- 
lectual curiosity throughout his long life still burned 
brightly at the end of it. 



The Fundamental idea of Wave Mechanics 



Ei'win Schrodinger 



On passing through an optica! instruments sucli as a telescope or a camera 
lens, a ray ot hght is subjected to a ehanp** in direction at each refractini^ or 
reflecting suiface. The path of the rays can be constructed if we know the 
two simple laws which go\crn the changes in direction: the law of refrac- 
tion which was discovered by Snelhus a few hundred \ears agv\ and the law 
ot reflection with which Archimedes was familiar more than 2,roo vears a^o. 
As a simple exainj'le. Fig. i shows a ray A-B which is subje "od to refraction 
at each ot the tour boundary surtaces of two lenses ni accordance with the 
law ot Snelhus. 



■ 

Fic 1. 

Fermat detined the total path of a ray of light from a iiuich more i^cneral 
point of view. In diflerent media, light prot\agates with different velocities, 
and the radiation path gives the a»^pearance as if the light must arrive at its 
desf'natiou as (jnui'iy <o po>yir!i. (Fncidentallv. it ib permi«is;Me heu-toc<^n- 
sider iUiy tuv points along the ray as :he starting- and end-p'^mts.) 'I he least 
deviation from the path actually taken would !nean a delay. Fhis is the t'a- 
mous Fermat pnnaplc flu fh>,\si hji^hi rn^, . winch in a n:arvellous manner 
determines the entire fate of a .ay <^f ligiu h\ a single scaiement and also 
meludes the n.e^- general cise. when the n. ture of ihe medium vanes not 
suddenly at individual surfau".. hut gradualiv from place to place. The at- 
mosphere of the enth provides . xampJe. T he more deeply a riy ci light 
penetrates into it frojii outside, the more slowly it piogresses in an iiureas- 
mgly denser an Ahlunii^'i the diri' ieuces in ih.e speed of propagation are 



infinitcqmal, Fcrniat's principle in these circumstances demands that the 
light ray should curve earthward (fee Fig. 2), so that it remains a little longer 
in tlie higher « faster » layers and reaches its destination more (juicklv than 
by the shorter straight path (broken line m the figure; disregard the square. 




WWW«W» for the time being). I think, hardK any of you will have failed 
to obsct ve that the sun when it is deep on the horizon appears to be not circular 
but flattened: its vertical diameter looks to be shortened. This is a result of 
the cu iture of the rays 

According to the wave theory- of light, the light rays, strictly speaking, 
have only fictitious significance. They are not the physical paths of some 
particles of light, but are a mathematical device, the so-called orthogonal 
trajectories or wave surfaces, imaginar)- guide lines as it were, which point in 
the direction normal to the wave surface :n which the latter advances (cf. 
Fig. 3 which shows the simplest case of concentric spherical wave surfaces 
ai ' accordingly rectilinear rays, whereas Fig. 4 illustrates the case of curved 
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rays). It is surpiisiiig tliat a general principle as important as Ferniat's relues 
direetly to these niatheinatical guide lines, and not to the wave surfaces, and 
one might he inelined tor this reason to consider it a mere mathematical 
curiosity. Far trom it. It becomes properly understandable onlv from the 
point ot view ol wave theory and ceases to be a divine miracle. From the 
wave point ol view,, the so-called cwViiturc of the light rav is fir more readilv 
understandable as a ^urri'uw oi the wave surface, which must obviouslv oc- 
cur when neighbouring parts of a wave surface advance at different speeds, 
IP. exactly the same manner ar» a company of soldiers marching forward will 
carry out the order right incline » by the men taking steps of varvmg len<>ths, 
the right-wing man the smallest, and the left-wing man the longest. In at- 
mospheric refraction of radiation for exaiP.plc (Fig. 2) the section of wave 
surface WW must necessarily swerve to die right towards W^W* because 
Its leh halt is located m slightly higher, thinner air and dius advances more 
rapidly than the right part at lower point. (In passing, i wish, to refer to one 
point at which die Suc^hus view fails. A horizontally emitted light ray should 
remain horizontal because the refraction index does not varv in the horizon- 
tal J'rection. In truth, a horizontal ray curves more strongly than anv other, 
which is m obvious consequence of the dicory of a swerving wave front.) 
Ow detailed examination die Ferinat principle is found to be completelv 
hvuar-h^tint to the trivial and obvious statement that-given local distribution 
ot light v^ )Ciues-the wave front must swerve m the manner indicated. I 
cnmot prove this here, but shall attempt to make it plausibie. I woidd again 
asN you to visualize a rank of soldiers marching forward. To ensure diat the 
line remains dressed, let the men be connected by a long rod which each 
holds tinnly m his hand. No orders as to direction are given: tiie only order 
is: let each man march or run as fist as he can. If :he nature of die ground 
vanes slowly from place to place, it will be now the right wing, now the 
lett rpi r advances more quickly, and changes m direction wdl occur spon- 
taneously. After some time has elapsed^ it will be seen tint the entire path 
u avelled ;s lun rectilinear, but somehow curved. That dii<J curved path is 
exactly that by which the destination attanied at any moment could be at- 
t.Miied mc ■ fjpully .iccording to the iipture of rhe terrain, is at least quite 
plausible, since each of the men did his best. I l wdl also be seen that the swerv- 
!ng al ^ occurs invariably m the direction m which the terrain is worse, 
so that It Will ^omc to look in the end as if die men had intentionally «b*'- 
passed>^ a place where would advance slowly. 

J 1 Fermat principle tluis appears to be the trivitil quifitc^HUCC of die wave 



tncory. It was therefore a memorable occasion whcu Hamilton mad.^ t^'^^ 
discovery that the true movement of mass points ni a field of forces (c.g, of 
a planet on its orbit around the sun or of a stone thrown in the gravitational 
field of the earth) is also governed by a very similar general principle, 
which carries and has made famous the name of its discoverer smce then. 
Admittedly, the Hamilton principle does not say exactly that the mass point 
chooses the quickest way, but it does say something so similar - the anaiogy 
with the principle of the shortest travelling time of light is so close, that one 
was ficed with a puzzle. It seemed as if Nature had realized one and the 
same law twice by entirely different means; first in the case of light, by 
means of a fairly obvious play of rays; and again in the case of the mass 
points, which was anything but obvious, unless somehow wave nature were 
to be attributed to them also. And this, it seemed impossible to do. Because 
the « mass points» on which the laws of mechanics h ;d really been confirmed 
experimentally at that time were only the large, visible, sometimes very large 
bodies, the planet- . for which a thing like« wave nature » appeared to be out 
of the question. 

The smallest, elementary components of matter which we today, much 
more specifically, call « mas:. points», were purely hypothetical at the time. 
It was only after tht di:>covery of radioactivity that constant refinements of 
methods of measure'.iient permitted the propeities of these particles to be 
studied in detail, and now permit the paths of such particles to be photo- 
graphed and to be measured very exacdy (stereophotogrammetrically) by 
the brilliant method of C.T.R, Wilson, As far as the measurements extend 
they confirm that the same mechanical laws are valid for particles as for large 
bodies, planets, etc. However, it was found that neither die molecule nor 
the individual atom can be considered as the « ultimate component-- but 
even the atom is a sy.tem of highly complex structure. Images are formed 
in our minds of the structure of atoms consisting of particles, images which 
seem to have a certain similarity with the planetary system. It was only 
natural that the attempt should at first be made to consider as valid the same 
laws of motion that had proved themselves so amazingly satisfactory on a 
large scale. In other words, Hamilton's mechanics, which, as I said above, 
culminates in the Hamilton principle, were applied also to the «imier hfe» 
of the atom. That there is a very close analogy between Hamilton's principle 
and Tcrmat's optical principle ^ad meanwhile become ?ll but forgotten. If 
It was remembered, it was considered to he nodnng more than a curious 
trait of the mathematical theory. 



Now, It IS very difficult, without further going into details, to convey a 
proper conception of the success or failure of these classical-mechanical im- 
ages of the atom. On the one hand, Hamilton's princ iple m particular proved 
to be the most faithful and reliable guide, which was simply indispensable; 
on the other hand one had to suifer, to do justice to the facts, the rough 
interference of entirely new incomprehensible postulates, of the so-called 
quantum conditions and quantum postulates. Strident disharmony in the 
symphony of classical mechanics-yet strangely familiar- played as it were 
on the s-^iue instrument. In mathematical terms we can formulate this as fol- 
lows: whereas the Hamilton principle merely postulates that a given integral 
must- be a minimum, without the numerical value of the minimum being 
established by this postulat^e, it is now demanded that the numerical value 
o^the minimum should be restricted to integral multiples of a universal natu- 
ral constant, Planck's quantum of action. This incidentally. The situation was 
fairly desperate. Had the old mechanics failed completely, it would not have 
been so bad. The way would then have been free to the development of a 
new system of mechanics. As it was, one was faced with the difficult task of 
saving the soul of the old system, whose inspiration clearly held sway m this 
microcosm, while at the same time flattering it as it were into accepting the 
quantum conditions not as gross interference but as issuing from its own 
innermost essence. 

The way out lay just m the possibihty, already indicated above, of attrib- 
uting to the Hamilton principle, also, the operation of a wave mechanism 
on which the point-niechanical processes Lre essentially based, just as one 
had long become accustomed to doing in the case of phenomena relating to 
light and of the Fermat principle which governs them. Admittedly, the in- 
dividual path of a Uiass point loses its proper physical significance and be- 
comes as fictitious as the individual isolated ra) of light. The essence of the 
theory, the minimum principle, however, remains not only intact, but reveals 
Its true and simple meaning only under the wave-like aspect, as already ex- 
plained. Strictly speaking, the new theory is m fact not new, it is a completely 
organic development, one might almost be tempted to say a more elaborate 
exposition, of the old theory. 

How was It then that this new more^' elaborate /> exposition led to notably 
different resuks; what enabled it, when applied to the atom, to obviate difii- 
culties which the old theory could not solve? What onabl-d it to render gross 
inteiference acceptable or even to make it its own? 

Again, these matters can best be illustrated by analogy vvith optics. Quite 



properly, indeed, I previously called the Ferniat principle the qunitessencc 
of the wave theory of light : nevertheless, it cannot render dispensiblea more 
exact study of the wave process itself The so-called refraction and niter- 
ference phenomena of hght can only be understood if we trace the wave 
process in detail because what matters is not only the eventual destination of 
the wave, but also whether at a given moment it arrives there with a wave 
peak or a wave trough. In the ier, coarser experimental arrangements, 
these phenomena occurred as small details only and escaped observation. 
Once they were noticed and were interpreted correctly, by means of waves, 
it was easy to devise experiments in which the wave nature of light finds 
expression not only in small details, but on a very la'ge scale in the entire 
character of the phenomenon. 

Allow me to illustrate this by two examples, first, the example of an op- 
tical instrument, such as telescope, microscope, etc. The object is to obtain a 
sharp image, i.e. it is desired that all rays issuing from a point should be re- 
united in a point, the so-called focus (cf Fig. 5 a). It was at first believed that 
it was only geometrical-optical difficulties which prevented this: they are 
indeed considerable. Later it was found that even in the best designed instru- 
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nicnts focussing of the rays was considerably inferior than would be expected 
if each ray exactly obeyed the Terniat principle independently of the neigh- 
bouring rays. The light which issues from a point and is received bv the 
instriiinent is reunited behind the instruin.:nt not in a single point any more, 
but is distributed over a small circular area, a so-called diffraction disc, which, 
otherwise, is in most cases a circle only because the apertures and lens con- 
tours are generally circular. For, the cause of the phenomenon which we call 
diffraction is that not all the spherical waves issuing from the object point can 
be accommodated by the instruiuent. The lens edges and any apertures 
merely cut out a part of the wave surfaces (cf. Fig. 5 b) and-if you will 
permit me to use a more suggestive expression-the injured margins resist 
rigid unification in a point and produce the somewhat blurred or vague 
image. The degree of blurring is closely associated with the wavelength of 
the light and is completely inevitable because of this deep-seated theoretical 
relationship. Hardly noticed at first, it governs and restricts the performance 
cf the modern microscope which has mastered all ' ^er errors of repro- 
duction. The images obtained uf structures not mucii c.)arscr or even still 
finer than the wavelengths cf light are only remotely or not at all similar 
to the original.^ 

A second, even simpler example is the shadow of an opaque object cast 
on a screen by a small point light source. In order to construct the shape of 
the shadow, each light ray must be traced ai.d it must be established whether 
or not the opaque object prevents it from reaching the screen. The margin 
of the shadow is formed by those light rays which only just brush past the 
edge of the body. Experience has shown that the shadow.margin is no» ab- 
solutely sharp even with a poim-shaped light source and a sharply defined 
shadow-casting object. The reason for this is the same as in the first example. 
The wave front is as it were bisected by the body (cf Fig. 6) and the traces 
of this injury result in blumng of the margin of the shadow which would 
be incomprehensible if the individual light rays were independent entities 
advancing independently of one another without reference to their neigh- 
bours. 

This phenomenon - which is also called diffraction -is not as a rule very 
noticeable with large bodies. But if the shadow-casting body is very small 
at least in one dimension, diffraction finds expression firstly in that no proper 
shadow is formed at all, and secondly - much more strikingly - in that the 
small body itsjlf becomes as it were its own source of ^^ght and radiates light 
in all directions (preferentially to be sure, at rmall angles relative to the inci- 
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dent liglu]. All of you arc undoubtedly fannliar with the so-called Miiotcs 
of dust » m a light bca .n falhng into a dark room. Fnic blades of grass and 
spiders* webs on the crest ofa hill with the sun behind it, or die efraKr locks 
of hair ofa man standing with the sun behind often light -^p ur steuously 
by dirtracted light, and the visibility of smoke and mist is brsed on it. It 
conies not really from the body itself, but from its immediate surroundings, 
an area m which it causes considerable interference with the incident wave 
fronts. It IS interesting, and important for what follows, to observe that die 
area of interference always and in every direction has at least the extent of 
one or a few wavelengths, no matter how small the disturbing particle may 
be. Once again, therefore, we observe a close relationship between the phe- 
nomenon of diffraction and wavelength. This is perhaps best illustrated by 
reference to anodier wave piocess, i.e. sound. Because of the much greater 
waveleneHi. which is of the order of centimetres and metres, shadv-^w for- 
mation recedes in the case of sound, and diffraction plays a major, and prac- 
tically important, part: we can easily hcnr a man calling froi.i behind a high 
wall or around the corner ofa solid house, even if we cannor sec him. 

Lc- us return from optics to mechanics and explore die analogy to its 
fullest extent, hi optics the oW system of mechanics corresponds to intellec- 



tualK' operating witli isolated nuitiialiy independent light rays. The new 
unciulatory mechanics corresponds to the wave theorv of hght. What is 
gained by cha.iging from the old vie\> to the new is that the dirtracticm 
phenomena can he accc^mmodated or, better expressed, what is gained is 
something that is strictly analogous to the difiraction phenomena of light 
and which on the whole must be very uiiiinportant. otherwise the old view 
of mechanics would not have given full sitisfictioii so loiij^. It is, however, 
easy to surmise that the neglected pheiKMnenon may in some circumstances 
make Itself vrry much feit, will entirely domuh-^re the :nuhanical process, 
and will Tac. the old system with insoluble riddles, if ///c cntifc walhinicdl 
system is compiirahl- iu cxwnt with the uhjri'Icn{rth< of the « Wiircs ofmatta which 
play the same part in mechanical processes as diat played by the light waves 
m optical processes. 

This is die reason why in these niinute systems, the atoms, the old view 
was bound to fill, which though remaining intact as a close approximation 
for gro.s mechanical processes, bur is no longer adequate for the delicate 
interplay in areas of the order of magnitude of one or a few wav<-lenq:hs. 
It was astounding to observe the mamier in which all those strange addi- 
tional requirements developed spoiit.inc.uisly from the new unduLitorv 
view, whereas they had to be forced upon the old view to adapt them to 
the inner life of the atom and to provide some explanation of the observed 
facts. 

Thus, the salient point of th.^ whole m-ttei is that the diameters of the 
atoms and the wavelength of the hypothetical material waves are ofappro.xi- 
mately the same order of magnitude. And now^ \ou are bound to ask wheth- 
er It must be considered mere chance that m our continued analvsis of the 
structure of matter \\c should come upon the order of inagmrudc of Hic 
wavelength at this of all points, or whether this is to soiue extent compre- 
hensible. Inirtlier, you ir.ay ask, how we know that this is so, since the 
materia! waves arc an entirely ikav reciuirement of tins theory, unknown 
anywhere else. Or is it simply that this is an assumption which had to be 
made? 

The agreement between the orders of magnitude is no mere chance,, nor 
is any special a>snmption about it neccsiary; it follows autoi>\uic.tlly from 
the theory in the following rcmprkablc manner. That the heavy nuckti^ of 
the atom is very much smaller than the atom and may therefore be consid- 
ered as a pom- centre of attraction in the argument winch follows may be 
considered as experimentally established by the experiments on the scattering 



of alpha rays done by lUitherfoid .md Cliadu-ick. Imtod of the ckmox^ we 
introduce hypothetical waves, whose wavelengtlis are left eiitirelv opeir 
because we knew nothing about them yet. This leaves a letter,, say .;. in- 
dicatmg a still unknown figuie, in our calculation. We are, however, used 
to this in such calculations and it does not prevent us from calculating that 
the nucleus of the atom must produce a kind of diffraction phenomenon in 
these waves, similarly as a minute dust particle does in light waves. Analo- 
gously, it follows that there is a close relationship between the extent of the 
area of niterk-rence with which the nucleus surrounds itself and the wave- 
length, and that the two are of the same order of magnitude. VX': ... this is 
wc have had to leave open; but the most imporfa. t step now t .!, s- we 
idauify ,/,, area of mterfereme, the diffraaion halo, w"'. ,.',<■ atom; we assert that 
the atom h, reality is merely the dfraction phenowemm of an electron wave cap- 
tured as it were by the nucleus of the atom. It is no longer a matter of chance 
that the size of the atom and the wavek..gtl, arc of the same order of magni- 
tude: It IS a matter of course. We know the numerical value of neitli-r 
because we still have in our calculation the one unknown constant, which' 
we called a. There are two possible ways of determining it, which provide 
a mutual check on one another. First, we can so select it that the manifesta- 
tions ofhfc of the atom, above all the spectrum lines emitted, come out 
correctly quantitatively; these can after all be measured very accurately 
Secondly, we can select in a manner such that the diffraction halo arquires 
the size rec]iiired for the atom. These two determinations of., (of which the 
second IS admittedly far more imprecise because - size of the atom>> is no 
clearly defined term) a,e in complete a(>reement with one another. Thirdly and 
lastly, we can remark that the coustam remaining unknown, physically 
speaking, does not m fact have the dimension of a lengtli, but of an action. 
I.e. energy x time. It is then an obvious step to substitute for it the numerical 
value of Planck's universal quantum of action, which is accurately known 
from the laws of heat radiation. It will be seen that wc ,eturn, with the full 
now considerable accuracy, ,o thefrst ( most accurate) determination 

Quantitatively speaking, the theory therefore manages with a minimum 
of new assumptions. It contains a single available constant, to which a 
numerical value familiar from the oldei quantum theory must be given 
first to attribute to the diffraction lialos the right size so that they can be 
reasonably ideiitifie ' with the atoms, and secondly, to evaluate quantitative- 
y and correctly all the manifestations of life of the atom, the light radiated 
by It, the ionization energy, etc. 



I have tried to place before you the fundamental idea of the wave theory 
of nutter in the simplest possible form. I must admit now that in my desire 
not to tangle the ideas from the very beginning, I have pamted the lily. Not 
as regards the high degree to which all sufficiently, carefully drawn conclu- 
sions are confirmed by experience, but with regard to the conceptual ease 
and simplicity with which the conclusions are reached. I am not speaking 
here of the mathematical difficulties, which always turn out to be trivial in 
the end, but of the conceptual difficulties. It is, ofcourse, easy to say that wc 
turn from the concept of a currcd path to a system of wave surfaces normal 
1 it. The wave surfaces, however, even if wc consider only small parts of 
them (see Fig. 7) include at least a narrow Inuidk of possible curved paths, 
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Pig. 7. 

to all of which they stand in the same relationship. According 10 the old 
view, buc not according to the new, one of them in each concrete: individual 
case is distinguished from all the others which arc <<only possible », as that 
« really travelled ». Wcare faced here with the full force of the logical oppo- 
sition between an 

either - or (point mechanics) 

and a 

both -and (wave mechanics) 

This would not matter much, if the old system were to be dropped entirely 
and to be replaced hy the new. Unfortunately, this is not the case. From the 



point of view of wu-c mechanics, the infinite array of possible po^nt paths 
would be merely fictitious, none of them would have the prero<>ative invr 
the others of being that really travelled in an mdividual case. I haveji<nv- 
ever, already mentioned that we have yet really observed such individual 
particle paths in some cases. The wave theory can represent this, either not 
at all or only very imperfectly. We find it confoundedly dirticult to interpret 
the traces we sec as nothing more than narrow bundles of equally possible 
paths between which the wave surfaces establish cross-connections. Yet, 
these cross-connections arc necessary for an understanding of the difiraction 
and interterencc pheiKMnena which can be demonstrated f>r the same par- 
ticle with the same plausibility-and that on a large scale, not just as a conse- 
quence ot the theoretical ideas about the interior of the atom, which v.'c 
mentioned earlier. Conditions arc admittedly such that we can alwavs man- 
age to make do in each concrete individual case without the two dirt'erent 
aspects leading to dirferent expectations as to the result of certain experi- 
ments. We cannot, however, manage to make do with such old, fmuliar, and 
secmmgly indispensible terms as « real » or only possible »; we are never in 
a position to say what really i< or what renlly luippah; but we can onlv sav 
wliat will be obscrrai in any concrete individual case. Will we have to be 
permanently satisfied with this...: On principle, yes. On principle, there is 
nothing new in the postulate that m the end exact science should aim at 
nothing more than the dcsrription of what can really be observed. The ques- 
tion IS only whether from now on wc shall have to refrain from tying de- 
scription to a clear hvpothesis about the real nature of the world. There are 
many who wish to pronounce such abdication even today. But I believe that 
this means making things a little too easy for oneself 

I would define the present state of our knowledge as follows. The rav or 
the particle path corresponds to n lon^itiidmal relationship of the propagation 
process (i.e. in the direction of propagation), the wave surface on the other 
hand to a transversal relationship (i.e.. normal to it). Both relationships arc 
without doubt real; one is proved by photographed particle paths, die other 
by interference experiments. To combine both m a uniform system has 
proved impossible so far. Only m extreme cases doc<: either the transvcsal, 
shell-shaped or the radial, longitudinal relationship predominate to such an 
extent that we think we can make do wuh the wave theory alone or with 
the particle theory alone. 
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The Sentinel 



Arthur C. Clarke 



The next time you see the full moon high in 
the south, look carefully at its right-hand edge and let 
your eye travel upward along the curve of the disk. 
Round about two o'clock you will notice a small, dark 
oval: anyone with normal eyesight can find it quite easily. 
It is the great walled plain, one of the finest on the Moon, 
known as the Mare Crisium— the Sea of Crises. Three 
himdred miles in diameter, and almost completely sur- 
rounded by a ring of magnificent mountains, it had never 
been explored until we entered it in the late summer of 
1996. 

Our expedition was a large one. We had two heavy 
freighters which had flown our supphes and equipment 
from the main lunar base in the Mare Serenitatis, five him- 
dred miles away. There were also three small rockets 
which were intended for short-range transport over re- 
gions which our surface vehicles couldn't cross. Luckily, 
most of the Mare Crisium is very flat. There are none of 
the great crevasses so common and so dangerous else- 
where, and very few craters or mountains of any size. As 
far as we could tell, our powerful caterpillar tractors 
would have no diflSculty in taking us wherever we wished 
to go. 

I was geologist— or selenologist, if you want to be 
pedantic— in charge of the group exploring the southern 



region of the Mare. Wo had crossed a hundred mUes of 
it in a week, skirting the foothills of the mountains along 
the shore of what was once the ancient sea, some thou- 
sand million years before. When life was beginning on 
Earth, it was already dying here. The waters were re- 
treating down the fianks of those stupendous cliflFs, re- 
treating into the empty heart of the Moon. Over the land 
which we were crossing, the tideless ocean hrd once 
been half a mile deep, and now the only trace of moisture 
was the hoarfrost one could sometimes find in caves which 
the searing sunlight never penetrated. 

We had begun our journey early in the slow limar 
dawn, and stiU had almost a week of Earth-time before 
nightfall. Half a dozen times a day we would leave our 
vehicle and go outside in the space-suits to hunt for in- 
teresting minerals, or to place markers for the guidance 
of future travelers. It was an imeventful routine. There 
is nothing hazardous or eveL particularly exciting about 
limar exploration. We could live comfortably for a month 
in our pressurized tractors, and if we ran into trouble we 
could always radio for help and sit tight until one of the 
spaceships came to our rescue. 

I said just now that there was nothing exciting about 
lunar exploration, but of course that isn't true. One could 
never grow tired of those incredible mountains, so much 
more rugge 1 than the gentle hills of Earth. We never 
knew, as we rounded the capes and promontories of that 
vanished sea, what new splendors would be revealed to 
us. The whole f^outhem curve of the Mare Crisium is a 
vast delta, where a score of rivers once found their 
way into the ocean, fed perhaps by the torrential rains 
tha*- must have lathed the mountains in the brief vol- 
canic age when the Moon was young. Each of these 
ancient valleys was an invitation, challenging us to climb 
into the unknown uplands beyond. But we had a hun- 
dred miles still to cover, and could only look longingly 
at the heights which others must scale. 

We kept Earth-time aboard the tractor, and precisely 
at 22.00 hours the final radio message would be sent out 
to Base and we would close down for the day. Outside, 



the rocks would still be burning beneath the almost ver- 
tical sun, but to us it was night imtil we awoke again 
eight hotirs later. Then one of us would prepare break- 
fast, there would be a great buzzing of electric razors, 
and someone would switch on the short-wave radio from 
Earth. Indeed, when the smell of frying sausages* began 
to fill the cabin, it was sometimes hard to beheve that we 
were not back on our own world — everything was so 
normal and homely, apart from the feeling of decreased 
weight and the unnatural slowness with which objects 
feU. 

It was my turn to prepare breakfast in the comer of 
the main cabin that served as a galley. I can remember 
that moment quite vividly after all these years, for the 
radio had just played one of my favorite melodies, the 
old Welsh air, "David of the White Rock.'* Our dri\er 
was already outside in his space-suit, inspecting our cater- 
pillar treads. My assistant, Louis Gamett, was up for- 
ward in the control position, making some belated entries 
in yesterday's log. 

As I stood by the frying pan waiting, like any terres- 
trial housewife, for the sausages to brown, I let my gaze 
wander idly over the moimtain walk which covered the 
whole of the southern horizon, marcliing out of sight to 
east and west below the curve of the Moon. They seemed 
only a mile or two from die tractor, but I knew that tlte 
nearest was twenty miles away. On the Moon, of cornrse, 
there is no loss of detail with distance— none of that al- 
most imperceptible haziness which softens and sometimes 
transfigtires all far-off things on Earth. 

Those mountains were ten thousand feet high, and 
ihey climbed steeply out of the plain as if ages ago some 
subterranean eruption had smashed them skyward 
through the molten crust. The base of even the nearest 
was hidden from sight by the steeply curving surface of 
the plain, for the Moon is a very httle world, and from 
where I was standing the horizon was only two miles 
away. 

I lifted my eyes toward the peaks which no man had 
ever climbed, the peaks which, before the coming of 



terrestrial life, had watched the retreating oceans sink 
sullenly into their graves, taking with them the hope and 
the morning promise of a world. The sunlight was beat- 
ing against those ramparts with a glare tliat hurt the eyes, 
yet only a little way above them the stars were shining 
steadOy in a sky blacker than a winter midnight on Earth. 

I was turning away when my eye caught a metallic 
glitter high on the ridge of a great promontory thrust- 
ing out into the sea thirty miles to the west. It was a di- 
mensionless point of light, as if a star had been clawed 
from the sky by one of those cruel peaks, and I imagined 
that some smooth rock surface was catching the sunlight 
and heliographing it straight bx^o my eyes. Such things 
were not uncommon. When the Moon is in her second 
quarter, observers on Earth can sometimes see the great 
ranges in the Oceanus Procellanua burning with a blue- 
white iridescence as the <=unli^t fashes from their slopes 
and leaps again ftom world to world. But I was curious 
to know what kind of rock could be shining so brightly 
up there, and I climbed into the observation turret and 
swung our four-inch telescope round to the west 

I could see just enough to tantalize me. Clear and 
sharp in the field of vision, the mountain peaks seemed 
only half a mile away, but whatever was catching the 
sunhght was still too small to be resolved. Yet it seemed 
to have an elusive symmetry, and the summit upon which 
it rested was curiously flat I stared for a long time at that 
ghttering enigma, straining nay eyes into space, until 
presently a smell of burning from the galley told me that 
our breakfast sausages had made their quarter-million 
mile journey in vain. 

All Aat morning we argued our way across the Mare 
Crisium while the western mountains reared higher in 
the sky. Even when we were out prospecting in the space- 
suits, the discussion would continue over the radio. It 
was absolutely certain, my companions argued, that there 
had never been any form of intelligent life on the Moon. 
The only living things that had ever existed there were a 
few primitive plants and their slightly le^s degenerate 
ancestors. I knew that as well as anyone, but there are 



times when a scientist must not be afraid to make a fool 
of himself, 

"Listen," I said at last, Tm going up there, if only for 
my own peace of mind. That mountain's less than twelve 
thousand feet high— that's only two thousand under 
Earth gravity— and I can make the trip in twenty hours 
at the outside. IVe always wanted to go up into those 
hills, anyway, and this gives me an excellent excuse." 

"If you don't break your neck," said Gamett, "you'll be 
the laughing-stock of the expedition when we get back 
to Base, That mountain wiU probably be called Wilson's 
Folly from now on," 

"I won't break my neck," I said firmly. "Who was the 
first man to climb Pico and Helicon?" 

"But weren't you rather younger in those days?" asked 
Louis gently, 

"That," I said with great dignity, "is as good a reason 
as any for going." 

We went to bed early that night, after driving tlie 
tractor to within half a mile of the promontory. Gamett 
was coming with me in the morning; he was a good 
climber, and had often been with me on such exploits 
before. Our driver was only too glad to be left in charge 
of the machine. 

At first sight, those cliflFs seemed completely unscale- 
able, but to anyone with a good head for heights, climb- 
ing is easy on a world where all ^veights are only a sixth 
of their normal value. The real danger in lunar mountain- 
eering lies in overconfidenoe; a six-hundred-foot drop 
on the Moon can kill you just as thoroughly as a hundred- 
foot fall on Earth. 

We made our first halt on a wide ledge about four 
thousand feet above the plain. Climbing had not been 
very difficult, but my limbs were stiff with the unac- 
customed effort, and I was glad of the rest. We could 
still see the tractor as a tiny metal insect far down at the 
foot of the cliff, and we reported our progress to the 
driver before starting on the next ascent. 

Inside our suits it was comfortably cool, for the re- 
frigeration uniti; were fighting the fierce sun and carrying 



away the body-heat of our exertions. We seldom spoke 
to each other, except to pass climbing instructions and 
to discuss our best plan of ascent. I do not know what 
Gamett was thinking, probably that this was the craziest 
goose-chase he had ever embarked upon. I more than half 
agreed with him, but the joy of climbing, the knowledge 
that no man had ever gone this way before and the ex- 
hilaration of the steadily widening landscape gave me 
all the reward I needed. 

I don't think I was particularly excited when I saw in 
front of us the waU of rock I had first inspected through 
the telescope from thirty miles away. It would level oflE 
about fifty feet above our heads, and there on the plateau 
would be the thing that had lured me over these barren 
wastes. It was, almost certainly, nothing more than a 
boulder splintered ages ago by a falling meteor, a- d with 
Its cleavage planes stiU fresh and bright in this incorrupt- 
ible, unchanging silence. 

There were no hand-holds on the rock face, and we 
had to use a grapnel. My tired arms semed to gain new 
strength as I swung the three-pronged metal anchor 
round my head and sent it sailing up toward the stars. 
The first time it broke loose and came falling slowly back 
when we pulled the rope. On the third attempt, the 
prongs gripped firmly and our combined weights could 
not shift it. 

Garnett looked at me anxiously. I could tell that he 
wanted to go first, but I smiled back at him through the 
glass of my helmet and shook my head. Slowly, taking 
my time, I began the final ascent 

Even with my space-suit, I veighed only forty pounds 
here, so I pulled myself up hand over hand without 
bothering to use my feet. At the rim I paused and waved 
to my companion, then I scrambled over the edge and 
stood upright, staring ahead of me. 

You must understand that until this very moment I 
had been almost completely convinced that there could 
be nothing strange or imusual for me to find here. Al- 
most, but not quite; it was that haunting doubt that had 



driven me forward. Well, it was a doubt no longer, but 
the haunting had scarcely begun. 

I was standing on a plateau perhaps a hundred feet 
across. It had once been smooth— too smooth to be nat- 
ural—but falling meteors had pitted and scored its sur- 
face through immeasurable eons. It had been leveled 
to support a glittering, roughly pyramidal structure, twice 
as high as a man, that was set in the rock like a gigantic, 
many-faceted jewel 

Probably no emotion at all filled my mind in those first 
few seconds. Then I felt a great lifting of my heart, and a 
strange, inexpressible joy. For I loved the Moon, and now 
I knew that the creeping moss of Aristarchus and Eratos- 
thenes was not the only life she had brought forth in her 
youth. The old, discredited dream of the first explorers 
was true. There had, after all, been a lunar civilization — 
and I was the first to find it. That I had come perhaps a 
hundred million years too late diJ not distress me; it 'vas 
enough to have come at all. 

My mind was beginning to function normally, to ana- 
lyze and to ask questions. Was this a building, a sluine— 
or something for which my language had no name? If a 
building, then why was it erected in so uniquely inac- 
cessible a spot? I wondered if it might be a temple, and 
I could picture the adepts of some strange priesthood 
calling on their gods to preserve them as the life of the 
Moon ebbed with the dying oceans, and calling on their 
gods in vain. 

I took a dozen steps font's; examine the thing more 
closely, but some sense c5 cautiOn kept me from going 
too near. I knew a little of archaeology, and tried to guess 
the culttural level of the cixdlization that must have 
smoothed this mountain and raised the glittering minor 
surfaces that still dazzled my eyts. 

The Egyptians could have done it, I thought, if their 
workmen had possessed whatev er strange materials these 
far more ancient architects had used. Because of the 
tliing*s smallness, it did not occur to me that I might be 
looking at the handiwork of a race more advanced than 
my own. The idea that the Moon had possessed intelli- 



gence at all was still almost too tremendous to grasp, 
and my pride would not let me take the final, humiliating 
plunge. 

And then 1 noticed something that set the scalp 
crawling at the back of my neck— sonriething so trivial 
and so innocent that many would never have noticed it 
at all. 1 have said that the plateau was scarred by 
meteors; it was also coated inches-deep with the cosmic 
dust that is always filtering down upon the surface of 
any world where there are no winds to disturb it Yet 
the dust and the meteor scratches ended quite abruptly 
in a wide circle enclosing the li^le pyramid, as though 
invisible wall was protecting it from the ravages of tiu^e 
and the slow but ceaseless bombardment from space. 

There was someone shouting in my earphones, and I 
reabzed that Gamett had been calling me for some time. 
1 walked unsteadily to the edge of the cliJff and signaled 
him to join me, not trusting myself *o speak. Then 1 went 
back toward that circle in the dust. 1 picked up a frag- 
ment of splintered rock and tossed it gently toward the 
shining enigma. If the pebble had vanished at that in- 
visible barrier 1 should not have been surprised, but it 
seemed to hit a smooth, hemispherical surface and slide 
gently to the ground. 

i knew then that 1 was looking at nothing that could 
be matched in the antiquity of my own race. This was 
not a building, but a machine, protecting itself with 
forces that had challenged Eternity. Those forces, what- 
ever they might be, were still operating, and perhaps I 
had already come too close. I thought of all the radiations 
man had trapped and tamed in the past century. For all 
1 knew, I might be as irrevocably doomed a.^ if 1 had 
stepped into the deadly, silent aura of an unshielded 
atomic pile. 

I remember turning then tOv*^ard Gamett, who had 
joined me and was now standing motionless at my side. 
He seemed quite oblivious to me, so I did not diriturb him 
but walked to the edge of the cliff in an effort to marshal 
my thoughts. There below me lay the Mare Crisiun;^ 
Sea of Crises, indeed— strange and weird to most men, 



but reassuringly familiar to me. I lifted my eyes toward 
the crescent Earth, lying in her cradle of stars, and I 
wondered what her clouds had covered when these un- 
known builders had finished their work. Was it the steam- 
ing jungle of the Carboniferous, the bleak shoreline over 
which tlie first amphibians must crawl to conquer the land 
—or, earlier still, the long loneliness before the coming of 
life? 

Do not ask me why I did not guess the truth sooner— 
the truth that seems so obvious now. In the first excite- 
ment of my discovery, I had assumed without question 
that this crystalline apparition had been built by some 
race belonging to the Mooi> s remote past, but suddenly, 
and ^^dth overwhelming force, the belief came to me 
that it was as alien to the Moon as I myself. 

In twenty years we had found no trace of life but a few 
degenerate plants. No lunar civilization, whatever its 
doom, could have left but a single token of its existence. 

I looked at the shining pyramid again, and the more 
remote it seemed from anything that had to do with the 
Moon. And suddenly I felt myself shaking with a foolish, 
hysterical laughter, brought on by excitement and over- 
exertion: for I had imagined that the little pyramid was 
speaking to me and was saying: "Sorry, Tm a stranger 
here myself." 

It has taken us twenty years to crack that invisible 
shield and to reach the machine inside those crystal walls. 
What we could not understand, we broke at last with 
the savage might of atomic power and now I have seen 
he fragments of the lovely, glittering thing I found up 
there on the mountain. 

They are meaningless. The mechanisms— if indeed 
they are mechanisms— of the pyramid belong to a tech- 
nology that lies far beyond our horizon, perhaps to the 
technology of para-physical forces. 

The mystery haunts us all the more now that the other 
planets have been reached and we know that only Earth 
has ever been the home of inteUigent life in our Universe. 
Nor could any lost civilization of our own world have 
built that machine, for the thickness of the meteoric dust 



on the plateau has enabled us to measure its age. It was 
set there upon its mountain before life had emerged from 
the saas of Earth. 

When our world was half its present age, sometMng 
from the stars swept through the Solar System, left this 
token of its passage, and went again upon its way. Until 
we destroyed it, that machine was still fulfilling the pur- 
pose of its builders; and as to that purpose, here is my 
guess. 

Nearly a hundred thousand million stars are tiuning in 
the circle of the Milky Way, and long ago other races on 
the worlds of other suns must have scaled and passed 
the heights that we have reached. Think of such civiliza- 
tions, far back in time against the fading afterglow of 
Creation, masters of a universe so young that life as yet 
had come only to a handful of worlds. Theirs would have 
been a loneliness we cannot imagine, the loneli-.t^c of 
gods looking out across infinity and finding none to share 
their thoughts. 

They must have searched the star-clusters as we have 
searched the planets. Everywhere there would be worlds, 
but they would be empty or peopled with crawling, mind- 
less things. Such was our own Earth, the smoke of the 
great volcanoes still staining tL. sbes, when that first ship 
of the peoples of the dawn came sliding in from the abyss 
beyond Pluto. It passed the frozen outer worlds, know- 
ing that life could play no part in their destinies. It cam© 
to rest among the inner planets, warming diemselves 
around the fire of the Sun and waiting for their stories to 
begin. 

Those wanderers must have looked on Earth, circling 
safely in the narrow zone between fire and ice, and must 
have guessed that it w^ the favorite of the Sun's chil- 
dren. Here, in the distant future, would be intelligence, 
but there were countless stars before them still, and they 
might never come this way again. 

So they left a sentinel, one of millions the * have scat- 
tered throughout the Universe, watching over all worlds 
with the promise of life. It was a beacon that down the 



ages has been patiendy signaling the fact that no one had 
discovered it. 

Perhaps you understand now why that crystal pyra- 
mia was set upon the Moon instead of on the Earth. Its 
bmlders were not concerned with races still struggling 
up from savagery. They would be interested in our civi- 
lization only if we proved our fitness to survive— by cross- 
ing space and so escaping from the Earth, our cradle. 
That is the challenge ^hat all intefligent races must meet; 
sooner or later. It is c double challenge, for it depends in 
turn upon the conquest of atomic energy and the last 
choice between life and death. 

Once we had passed that crisis, it was only a matter of 
time before we foimd the pyramid and forced it open. 
Now its signals have ceased, and those whose duty it is 
will be turning their minds upon Earth. Perhaps they 
wish to help our infant civilization. But they must be 
very, very old, and the old are often insanely jealous of 
the young. 

I can ne ver look now at the Milky Way without won- 
dering from which of those banked clouds of stars the 
emissaries are coming. If you will pardon ij commonplace 
a simile, we have set off the fire-alarm and have nothing 
to do but to wait 

I do not think we will have to wait for long. 



The Sea-Captain's Box 

to 

* John L Synge 



Long ago there lived a retired sea-captain who liked to go 
to auctions where he bought all sorts of ^ eer things, much 
to the annoyance of his wife. One day he brought home a 
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box with strange hieroglyphics painted all over it and set it 
down in a place of honour on the tabic where he kept his 
trophies. 

As far as could be seen, there was no way of opening the 
box. This aroused the curiosity of the sea-captain and he 
started carefully to scrape off the rust and grime with which 
the box was covered. To his great delight he found a small 
shaft or axle protruding from one side of the box, as shown 
in Fig. I 

He discoverea that he could turn this shaft with a pair of 
pliers, but nothing seemed to happen when he did so. 
Certainly thi dox did not open. 'Perhaps I haven't turned 
the shaft far enough,' he saiu to himself, *or perhaps I'm 
turning it the wrong way.' 

He realized then that he had lost track of the amount by 
which he had turned the shaft, and rebuked himself severely 
for not keeping a log. He must be more systematic. 

There was a tiny arrow on the end of the shaft, and when 
the shaft was turned so that this arrow was vertical, it would 
go no further to the left. That he called *the zero position'. 
Then he set to work and fixed a knob on the end of the shaft 
with a pointer attached and a graduated scale running 
round the shaft so that he could take readings with the 
pointer when he turned the shaft (see Fig. 2). He marked 
off the scale in units, tenths of units and hundredths of 
units, but he could not draw any finer divisions. 

He got out one of the old log books he had brought back 
from the sea and wrote the words 'Log of my box' at the top 
of a blank page. He ruled two columns very neatly and 
wrote at the head of the first column 'Date of observa- 
tion' and at the head of the second column 'Reading of 
pointer'. 

Then he turned the knob, looked at the calendar and the 
pointer, and made this entry: 



Date of observation Reading of pointer 

3 March 1453, morning, 
cloudy, wind fresh S.E.- 2-00 
by E. 

There was an auction in the neighbourhood that day. 
The sea-captain came home from it in the evening and made 
another entry: 

3 March 1453, evening, r^-oo 
fair, wind slight S.E. by S. 

*We'll never reach port at this rate,' said the sea-captain 
to himself. 'Man the capstan!' Then he took the knob and 
turned the pointer to another position, which he noted in his 
log; but the box did not open. He turned the knob to 
various positions, noting them all, but still the box did not 
open. 

By this time he was pretty disgusted and half resolved 10 
throw the box away, but he was afraid his wife would laugh 
at him. He opened his clasp knife and attacked the box in a 
fury, but succeeded only in knocking off a few flakes of rust 
and breaking his knife. But he was excited to see that he had 
exposed a second shaft! He^uickly went to work and fitted 
this shaft with a knob, pointer and graduated scale, so that 
it looked as in Fig. 3. 

Then he turned over a fresh page in his log and ruled three 
columns. The first he headed as before *Date of observation'. 
Then he hesitated. He must not get the two pointers mixed 
up — he must give them names — what would he call them? 
Castor and Pollux? Scylla and Charybdis? Port and star- 
board? 

The sea-captain was a long time making up his mind. An 
unlucky name might send a good ship to the bottom on 
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her maiden voyage. He rejected for reasons of domestic 
peace the idea of naming the pointers after girl friends of 
his youth or even after Greek goddesses. He must choose 
names which would apply to his pointers only and to nothing 
else, and the only thing to do was to make up names. He 
finally decided on protus for the one he had discovered first 
and DEUTUS for the one he had discovered second. The 
grammarians might not think much of these names, but the 
mixture of Greek and Latin sounds had a pleasant ring and 
should make them safe from confusion with anything else. 
So he now prepared three columns in his log like this: 

Date of observation protc^s. deutus 

The sea-captain's wife thought that he bought things at 
auctions merely to satisfy a childish yearning to possess 
curious pieces of rubbish, but that was not the real reason. 
Actually, he was a very avaricious man. and he was con- 
vinced that sooner or later he would find a hoard of gold in 
some trunk or box picked up for next to nothing at an 
auction. That is the reason for the gleam in his eyes as he 
now grasps the two knobs on the box and prepares to turn 
them. Surely the box will open now! 

But the box does not open. Instead, the .sea-captain 
jumps back, shaking in every linib and with his hair on end. 
'Shiver my timbers!' he cries. There's a witch in the fo'c'slel' 

For, as he had tried to turn the knobs, there seemed to be 
human hands inside the box resisting his efforts. 

Then cautiously, as if afraid of getting burned, he stretches 
out his hand to Protus and turns it gently. No resistance. 
But he draws back his hand in alarm. When he turned 
Protus, Deutus turned at the same time! 

The sea-captain is no coward. In his time he has fought 
pirate, in the Levant and dived last from the bridge of his 




Fig. 3. Protus and Dcutus 



ship sinking under him in the Bay of Biscay, But this is a 
different matter. There is magic in this box, and his con- 
science is troubled by his secret avarice for gold. Muttering 
a prayer and an incantation he picked up in an Eastern port, 
he takes up his pen in a shaky hand and with the other start^ 
to manipulate Protus, writing down the figures as he does so. 
He is so excited that he forgets to record the date and the 
weather. 

Here are his readings: 

PROTUS DEUTUS 
0-00 000 

roo 2-00 

2-00 2.83 

3*00 346 

400 400 

The box does not open, but he does not care. The lust for 
gold has been replaced by scientific curiosity. His sporting 
instinct is roused. *Good old ProtusP he cries, *You made a 
poor start but you're gaining. Two to one on Protus!/ 

He turns Protus further and gets these readings: 

PROTUS DEUTUS 

5-°° 4-47 
o'oo 4-90 

'Protus wins!' roars the sea-captain, springing to his feet 
and nearly knocking the table over. His wife puts her head 
round the door. 'What's all the noise about?' Then she 
sneers. 'Still playing with that silly old box! A man of vour 
age!' ' 

As the days pass, the sea-captain plays the game of Protus 
versus Deutus over and over again. Protus always makes a 
bad start and Protus always wins. It gets boring and he 



begins to dream a little. He forgets that Protus and DeUtus 
were names he made up to distinguish one pointer from the 
other. They take on reality and he begins to think of them as 
two ships. Protus must be a heavy ship and Deutus a little 
sloop, very quick at th^ get-away but not able to hold the 
pace against the sail-spread of Protus. 

But he pulls himself together. The lust for gold is now 
completely gone and the sea-captain starts to ask himself 
questions. 

What is there really inside the box? He toys again with 
the idea that there may be a witch inside the bux, but reason 
tells him that witches don't behave like that. No witch 
would reproduce the same readings over and over again. 

Since Deutus moves whenever you move Protus, there 
must be some connection between them. Ha! Blocks and 
tackle, that's what it must be! Very small ivory pulley- 
blocks and silk threads! 

So the sea-captain stumps down to the dock and gets one 
of his friends to put his ship at his disposal. He tries all sorts 
of ways of connecting two windlasses so that their motions 
will reproduce the motions of Protus and Deutus, but it will 
not work. He can easily make one windlass tarn faster than 
the other, but he can never arrange matters so that one wind- 
lass makes a bad start and then overtakes the other. He 
returns home dejected. He is as wise as before about the 
contents of the mysterious box. 

He reads over his log again and notices that he has always 
set Protus to an integer value. What would happen if he 
moved Protus through half a unit to 0-50? He is about to set 
Protus to 0-50 when his pride explodes in an oath. 'Sacred 
catfish!' he cries. 'What am I? A knob-twiddler and pointer- 
reader? No. I am a man — a man endowed with the gift 
of reason, I shall think it out for myself!' 

Then he ponders: 'When Protus goes from coo to roo. 



Deutus goes from o oo w 2 00, That means that Deutus goes 
twice as fast as Protus, at leist at the start of the race. So 
whc'^ Protus goes from 0 00 to 0 50, Deutus will go from 
0,00 to 1,00. That's obvious!' And he writes In the log 

PROTUS DEUTUS 

0*50 TOO (theoretical) 

By adding that word *thcorcticar the sea-captain shows 
himself to be a cautious, conscientious man, distinguishing 
what he has deduced from his *thcory' from what he observes 
directly. (A noble precedent, often sadly neglected, but 
much harder to follow than one might suppose at first 
sight!) 

Was the sea-captain right? No. When he actually turned 
Protus, he had to record the readings as follows; 

PROTUS DEUTUS 

0*50 1*41 (observed) 

What do you think of the sea-captain's 'theory? Not bad 
foi" I453> but any modern schoolboy could tell him how to do 
better. He should hav- taken a sheet of squared paper and 
plotted a graph, Protus versus Deutus, marking first the 
points corresponding to the observations made and tlicn 
drawing a smooth curve through them. Then he could liave 
read oiT from the curve the 'theoretical' Deutus-rcading 
corresponding to the Protus-reading 0*50. That might have 
saved him from making a fool of himself, provided that 
nature docs not make jumps. That is an assumption always 
made in the absence of evidence to the contrary, and (as we 
shall sec later) it might have been made here. 

But a graph is not completely satisfactory. It is hard to 
tell another person in a letter the precise shape of the graph; 
you have to enclose a copy of the graph, and the making of 
copies of a i^raph is a nuisance unless you use photography. 



A viaihematical formula is always regarded as a much more 
convenient and satisfactory way of describing a natural law. 
The sea-captain had never hec^rd of graphs or photography, 
but the other idea slowly evolved in his mind. Let us con- 
tinue the story. 

After thinking the matter over for several years, the sea- 
captain walked down to the pier one evening and 5tuck up 
a notice which read as follows: 

DEUTUS IS TWICE THP. SQ^UARE ROOT OF PROTUS 

The people of the sea-port were of course very proud of 
the sea-captain, and they crowded cheering round the 
notice-board. But there was one young man who did not 
cheer. He had just returned from the University of Paris 
and took all scientific matters very seriously. This young 
man now pressed through the crowd until he reached the sea- 
captain, and, taking him by the lapel of his coat, said 
earnestly *This notice, Vvhat does it mean?' 

The sea-captain had been celebrating his discovery and 
was a little unsteady on his feet. He stared belligerently at 
the young man. *Deutus is twice the square root of Protus/ 
he said. *That's what it means. Can't you read?' 

*And who is Deutus?' said the young man. *And who is 
this creature Protus that has a square root?' 

* You don't know Protus and Deutus?' cried the sea-captain. 
^Why, everyone knows Protus and Deutus! Come up to my 
house and meet them over a glass of grog!' 

So they went up to the sea-captain's house and he intro- 
duced the young man to Protus and Deutus. *That's Protus 
on the left,' said he, *and Deutus on die right.' Then he 
leaned over and whispered confidentially in the young man's 
ear: *Protus carries more sail, but Deutus is quicker on the 
get-away!' 



The young man looked at the sea-captain coldly. *You 
mean/ he said, *that Protus is a word which stands for the 
number indicated by the left-hand pointer and Deutus is a 
wc/d which stands for the number indicated by the right- 
hand pointer. When you say that Protus is twice the square 
root of Deutus, you mean that one of these numbers is twice 
the square root of the other. In Paris ^ve do not use words 
like Protus and Deutus for numbers. Wc use letters. We 
would write your result 

D = 2 

But is it really true?* 

*0f course it's true,* said the sea-captain, *and wc don't 
need all your French fanc>-talk to prove it. Here, read my 
ship's log.' He opened the log and showed he young man 
the readings which you have read on p. 65. 

Tet us see,' said the young man. These things are not so 
obvious. Let us do a little calculation. The square root of 
zero is zero, and twice zero is zero, so the first line is right.' 

He was about to put a check mark opposite the first line 
when the sea-captain roared *Keep your hands off my log! 
Time enough to start writing when you find a mistake, 
which you won't. You can*t teach a master mariner how to 
reckon!* 

To proceed,' went on the young man, *in the second line 
P is one; the square root of one is one, and twice one is two. 
Quite correct.' He put out his hand to make a check mark, 
but withdrew it hastily. 

*In the next Ihie,' he continued, T is two. The square 
root of two is an irrational number and cannot be represented 
by a terminating dccimal.^The third line is wrong, in the 
sense tliat the law D = 2 ^/P is notsatisfied by these numbers.* 

The sea-captain was taken aback. What's that?' he said. 
'An irrational number? I've sailed the seven seas, but never 
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did I meet up with an irrational number. Take your 
irrational numbers back where they come from, and don't 
try to teach me about Protus and Deutus!* 

'I can put it another way,' said the young man. 'If you 
square both sides of your equation, and then interchange the 
sides of the equation, you get 

4P = DV 

Now we shall put in the figures from the third line of your 
log. P is 2 00 and D = 2 83. Four times P is therefore eight. 
Now we calculate the square of 2 83; it comes out to be 
8 0089. So you assert — or do you? — that 

8 == 8-0089. 

Surely you cannot mean that?* 

The sea-captain scratched his head. *That s not the way 
I figured it,* he said. *Let's see now. Protus is 2 00. What 
is the square root of 2 00? Why, it's 1*4142. If you double 
that you get 2 8284, and that is 2*83 to the nearest second 
decimal place. You can*t trip me up, my boy. The law is 
satisfied all right.' 

^Honest sir,' said the young man, smoothinr; hi.s Parisian 
haif'Cut, 'do you tell me that 

2-8284 == 283?' 

*Vcs,' said the sea-captain stoutly, 'it is. Those numbers 
arc equal to two decimal places.' 

The young man jumped to his feet in anger. 'What a 
waste of my time!' he cried. 'It is a lying notice you have 
posted on the pier! Go down and add to it those words which 
will make h true.' 

'And what words might those be?* asked the sea-raptain 
suspiciously. 
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*\Vritc that Dcutus is twice tlic square root of Protus to 
(wo decimal places.^ 

*I will not/ replied the sea-captain stubbornly. *Ever>^- 
body knows that Protus and Deutus have only two decim^il 
places and they don't need to be told. Keep your irrational 
numbers and other French fiddle-faddle away from Protus 
and Dcutus. Commonsense is enough for them. But,' he 
added, *you'rc a nice young fellow for a land-lubber, so sit 
ye down and we'll have a glass of groi; together.' 

So the young man sat down for a glass of grog and as the 
evening .vo c on the two became more and more friendly 
and open-hearted with one another. Finally, speaking at 
once, they both broke out with the question: *What is inside 
the box?' 

The sea-captain told the young man how he had first 
thought that there was gold in the box, how then he had 
thought that theic must be a witch, and now for the life of 
him he could think of nothing but that there were two ships, 
Protus with a great sail-spread and Deutus smaller and 
quicker on the get-away. *But,' he added, *it bothers me how 
you could fit ships in such a Httle box, with a sea for them to 
sail on and a wind to sail by. And how is it that they always 
sail the same, with Protus slow at first and Deutus quick on 
the get-away?' 

Not having followed the sea, the young man paid little 
attention to the idea of the two ships. Then suddenly he 
stood up and stared at the box. He had now drunk several 
glasses of grog, so he stood with difficulty and leaned heavily 
on the table. 

*I see it,' he said. *Yes, I see it!' 

*Whal do you see?' asked the sea-captain. *Protus with her 
tops'ls set?' And he too stared at the box. 

*I see no ships,' said the young man, speaking slowly at 
first and then more and more rapidly. *I sec a world of 



mathematics. I see two variable numbers, P and D, taking 
all values rational and irrational from zero to infinity. What 
fools we were to talk of two decimal places! The law is exactl 
D = 2\^F. It is true for all values, rational and irrational. 
Protus is a number and Deutus is a number, and if you can- 
not measure them to more than two decimal places, that is 
your infirmity, not theirs. Go,' he cried to the sea-captain, 
*go to the silversmith and make him contrive for you more 
cunning scales so that they may be read more accurately.. 

1 will go to Paris and procure some optic glasses wherewith 
to read the scales. Then you will sec that I am right. The 
law D — 2 P is an exact mathematical law and you will 
verify it with readings that go to four or five or six decimal 
places.' 

The sea-captain yawned. *The silversmith is now abed,' 
he said, *and with the wind now holding yoi '^'^nnot sail for 
France. It may be that this grog has been too much for your 
young stomach. Lie down on the couch there and sleep it 
off.' 

But before long the silversmith made the cunning scales 
and the young man brought the optic glasses from Paris; to 
the great surprise of the sea-captain, the young man was 
right — the law was satisfied to two more decimal places. 
Beyond that they could not go, although the young man 
married the sea-captain's daughter and worked with his 
father-in-law on the box for many yjars. The sea-captain 
died thinking of Protus and Deutus ri^'aJ^ in a stiff breeze 
and bequeathed the box to the young man, who in course of 
time grew old and died too. The box was handed down 
from generation to generation as a family heirloom, and it 
was a point of honour with each generation to try to add a 
decimal place to the readings and see whether the law D = 

2 ^/ F remained true. Generation after generation found 
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that it did remain true, and finally the idea that there might 
be any doubt about it faded. 

No one has ever succeeded in getting inside the box, and 
there is a mixed tradition as to what its contents are. Gold 
and witches were ruled out long ago, but still some members 
of the family see Protus and Deutus sailing with foaming 
wakes where others see two variable numbers capable of 
taking all positive values, rational and irrational. 

An allegor>' must not be pushed too far, and so one 
hesitates to say what has happened to the sea-captain's box 
in these da>^ of relativity and quantum mechanics. You 
might say that if you look very hard at Protus. your mere 
inspection disturbs him, and when you feel quite certain you 
have pinned him down to a definite reading Deutus is danc- 
ing all over the place. Or perhaps you might say that the 
two pointers do not move continuously but only in definite 
small jumps. 

However, the whole picture is blurred by the discovery of 
a vast number of shafts, connected to one another by many 
complicated laws which the sea-captain would find it im- 
possible to visualize in terms of nautical manoeuvres. 

But the essential feature of the allegory- remains — the 
unopened and unopenable box, and the question: 'What is 
really inside it?' Is it the world of mathematics, or can it 
be explained in terms of ships and shoes and sealing wax? 

The answer must surely be a subjective matter; if you ask 
for an 'explanation', you cannot be satisfied unless the 
explanation you get rings a bell somewhere inside you. If 
you are a mathematician, you will respond to a mathe- 
matical explanation, but if you are not, then probably you 
will want an explanation which establishes analogies between 
the deep laws of nature and simple facts of ordinary life. 

Up to the year 1900, roughly, such homely explanations 



were available. It is true that iiey never told the whole 
story (that inevitably involved mathematics), but they pro- 
vided crusts for the teeth of the mind to bite on. The earth 
pursues its orbit round the sun on account of the pull of 
gravity; then think of an apple with a string through it which 
you whirl round your head. Light travels from the sun to 
the earth in ether-waves; then think of the ripples on the 
surface of a pond when you throw a stone into it.. 

Modern physics tends to decry 'explanations' of this sort — 
not out of any malevolent deshe to hide secrets, but because 
the simple analogies prove too deceptive and inadequate. In 
fact there are those who deny that physicists have the 
responsibility of giving explanations. This modern attitude 
has been expressed compactly by Professor Dirac: The only 
object of theoretical physics is to calculate results that can be 
compared with experiment, and it is quite unnecessary that 
any satisfying description of the whole course of the pheno- 
mena should be given.'* 

A new creed! Something to weigh and consider and 
contrast with the old creed implicit in science for centuries. 



* DiRAC, P. A. M., Qiumtum Mechanics, Clarendon Press (Oxford, 1930), p. 7. 
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Traveling through empty space . After centuries of gazing curiously at 
stars, moon, and planets from the sanctuary of his own planet with its 
blanket of lifegiving atmosphere, man has learned to send instruments 
to some of the nearer celestial objects; and he will no doubt soon try 
to make such a trip himself. 

Starting with Johannes Kepler's Somnium , a flood of fanciful stones 
dealt with journeys to the moon, often m balloons equipped with all 
the luxuries of a modem ocean liner. These stories, of course,, ig- 
nored something that had already been known for almost a century,; name- 
ly, that the earth's atmosphere must be only a thm snell of gas,' held 
in place by gravity,; and that beyond it must lie a nearly perfect 
vacuum. In this vacuum of outer space there is no friction to retard 
the motion of a space ship, and this is a great advantage. But the 
forces of gravity from the sun and other bodies will not always take 
a vehicle where we want it to go,, and we must be able to produce oc- 
casional bursts of thrust to change its course from time to time. Thus, 
quite aside from how we may launch such a space vehicle,, we must equip 
it with an engine that can exert a thrust in empty space. 

The only way to obtain a thrust in a completely empty space is to use 
recoil forces like those actina on a qun wlier. it fires a projectile. 
Indeed,- Newton's third law says that to obtain a thrustmq force on the 
space vehicle an equal ard opposite force must be exerted on something 
else,, and in empty space this "somethinq else" can only be a matter that 
comes from the space vehicle itself, a matter that we are willing to 
leave behind us. Only by throwing out a part of its own mass can a 
vehicle achieve recoil forces to change its own velocity — or at least 
the velocity of the part of it tnat remains intact. 

A rocket is a recoil engine of this tvpe. It carries its own oxygen 
(or other oxidizer) with which to burn its fuel,, and the mass of the 
burned fuel and^oxyaen is ejected from the rear and left behind. The 
rocket is much like a continuously firing aun that constantly sprays 
out an enormous number of very tinv bullets. The recoil from these 
"bullets" IS precisely the thrustina force on the body of the rocket. 

Obvioui>ly there is a limit to the length of time that suci a process 
can continue, for the mass remaining in the space ship qets smaller all 
the time, except when the engine is turned off entirely. In this chap- 
ter we will examine this limitation ana see what it implies about space 
travel., '^o be definite, we shall usually soeak about rocket enqmes,, 
but It will be clear that what v;e have to say aoplies to any recoil 
enqine whether it is run by chemical power, nuclear power, or anv other 
source of power. All such engines,, to produce a thrust in empty space, 
must eject sore of the mass that has been carried alona. 

The rocket equation . It turns out, as we shall see,, that the only prop- 
erty of a rocket engine that seriously limits its performance is the 
"exhaust velocity" of the burned fuel gases, i.e. the velocity of the 
exhaust material as seen from the rocket. This exhaust velocity, which 
we denote by v^x. is determined by the enerqy released inside the com- 
bustion chamber and hence by the fuel (and oxidizer) used bv the rocket. 
The sane "kick" backward is qiven to t}ie exhaust-qas molecule whether 
or not the rocket is already moving. Therefore, to a man standing on 
Q the rocket using a specific combustion process, the qases rushing out 

the exhaust will always appear to have the same velocity relative to 
the rocket, whatever the motion of the rocket itself with respect to 221 
another bodv. 



Inaqine you ore watch mn a rocket coast alonq at constant velocity, 
far away from any oth.er irassive bocaes. Suppose tl*.at the enqi-:o is ig- 
nited briefly an i ejects a small mass 'n of burned qases. The situation 
is sketched in F g, 1, where we have .denoted tho initial mass and veloc- 
ity of the vehicle by n and v respectively. The velocity v mav i>o mea- 
sured with respect to any (un-\cceierated) coordinate system,, fir example,, 
another space shi'j coasting alongside the first,, or the sun-centorcd 
coordinate system that we comnonly use to analyse the motions of th^ 
planets. (The actual value of v will cancel out of our final results. 
Why is this expected?) A'^Ljr the hurst of power, the rocket will ^ove 
away from us at velocity v + av, having a mass m - m; and the "cloua" 
of exhaust gases,, of mass - m,, Wxll be moving away from us at a ve:^city 
equal to the exhaust velocity .iiminisiie^: bv the forward velocity of the 
rocket , v^^^ - v , 

Since no externa, forces are acting on the system,, we know that 
momentum must be corser^'ed. In Fia, 1(a), before the burst of power, 
the monentu^. is mv; r-ght afterwards, in Fig, Kb), it is (n - *m)(v''+ 'v) 
- (.MTi) (Vgj^ - v) , Th(*se momenta must be the same: 

(m - \r\) (v + '.v) - (An) (v - v) = mv . 

ex 

Multiplying out the terms on the left-hand .ude, we find that all terms 
containing v cancel out (as they must) ,, anc. the result can be written m 
the form,, 



( < ' V) = m( * V) . 

If we consider a sufficiently small burst of thrust,, we can make 'v as 
small as we wish compare! to Vgx » and the second term on the left-hand 
side of this equation ca.. be made completely negligible compared to the 
first tern. Then we can write (for very snail bursts of t?irust) : 



^'otice that this relatic^n does not depend in anv wav on tb.e length of 
tin^e during which the chanqe ',v occurs. 'The fuel "m may be burned very 
raDidly or very slowly. As long as the exiiaust aases emerge with veloc- 
ity Vex relative to the rocJet,, the resulting momentum changes will be 
the saire, and will lead to the same relation Fq . (1), whenever the changes 
are sufficiently small. Not ce also that this result depends only on 
the conservation of momentum; we have used no other law in deriving it. 

N'ow, a moderately large bu.'st of power can be divided conceptually 
into a great many consecutive small bursts,, and To. (1) shows that each 
small incr3ase in velocity reoiires everting a given fraction of the re- 
ma ining ^^mass of tp.e rocket Tie rules of this "i:*A'erted compound-interest 
payment" are examined in the ajnendix to this chapter, "^^here we find 
(rq, A6) that any velocity chan7e Vc, l\cqe or small, requires reducing 
zhe riass of the rocket as foUoi's: 

-(v /V ) 
- ^ c ex 

m = m e 
o 

"^''c/^'ex^ 

m/m^ = e . (2) 

Here i5> the mass before the chanae, and m is the mass after the 
change, '''he quantity e is a certain number whose value is 



(a) JUST BEFORE FIRING OFF An 



X 




(b) JUST AFTER FIRING OFF Am: 




Fig. 1, Analysis of the performance of a 
>-ocket. Note that the "backwards" velocii-y of the 
spent fuel,, namely v - v,, might actually be 
negative as seen by an external observer. This 
would happen if v is larger than v m which case 
the exhaust "cloud" is seen to movS^off to the right, 
too,, although at a speed less than that o^ the rocket. 



223 



e = 2.718... = loO-'l^ia. 



(3) 



ERIC 



224 



One use of Eq. (2) is in computing the final velocity vf of a rocket 
that has initial mass ttiq, initial speed vq, final mass mf, and exhaust 
velocity Vex- The result is 



'(v,/v^ 



f ' f 'ex- 

- — = e 



as shown graphically in Tig. 2. 




Fig. 2 




nq. (2)^ IS the rocket equation . L'nless a table of powers of e happens 
to be handy,, the most convenient way to write this equation is the fol- 
lowing : 



m^ = (m) 10 



(0.4343 v^/v^^) 



(4) 



10C[ 



10 



im/m) ^ 0. 4343 (v /v ) 
o' c' ex 



(5) 



This relation is based only on the conservation of momentum and on the 
concept of a constant exhaust velocity Vgx (constant with respect to 
the body of tho rocket) for the spent part of the fuel. (Rut the rela- 
tion IS idealized m the sense that we have nut taken into account any 
accelerations due to gravity.) 

As an example, suppose that we wish to give a rocket a final velocity 
equal to twice the exhaust velocity of its engines, starting with the 
rocket at rest., Then Vc = 2vex/ and we have: 



m^ = (m) 10 



0.8686 



7.39 (m) , 



That IS, the original takeoff mass m must be over 7 times the final 
mass. In other words,, about 87 percent of the initial mass must be 
expelled to achieve a velocity of 2Vex- The useful payload must be 
somewhat less than the remaining 13 percent of the takeoff mass, because 
the rocket casing,, its fuel tanks, and the like will constitute much of 
this remaining mass. 



Practical rockets . The rocket equation s^^ovs that the nost irportant 
feature of a ^^cret is Vex ^ the velocity wiV: wnch the spent fuel gasos 
are expellee.. When chemical fuels are usc^:,, there is a limit to how 
larqe t^^is exhaust velocity can \q. We can see t';is hv ap:^lvincj the law 
of energy conservation to the irtorior of t^^e rocket. 



Consider what happens when a ciiven rass r of fuel and oxidizer are 
combined, with the fuel burnincr m the oxidizer. Let the total energy 
produced by this chemical reaction be V, Ob^Mously, the ratio r/r,, 
which IS the energy per unit mass of fuel and oxidizer, will be a con- 
stant that depends only on the chemical nature of the fuel and the 
oxidizer. After the materials have reacted,, the total mass m is ejected 
from the rocket with velocity v^j^,, and e > znetic energy of the ejector, 
mass IS just '■^(Vqj^) . Since tl^is e- orciy cones from burninq the fuel. 
It can be no greater than the chemical eneray liberated,, namely i : 

'm(v )^ - r 
ex 

DividincT by and takmq square roots,, we find: 



^'2{r/-) . (6) 

These relations are not simnle equalitit^s because much of the released 
eneray will })e wasted, primarily as internal (ranaom motion) heat energy 
in the still-hot exhaust qases. 



Chemists have measured the "heats of reaction" (which determines I /m) 
for almost all chemical reactions. For example, for typical hydrocarbons 
such as fuel oil, qasoljne, kerosene, and the like,, they have fount- tliat 
about 1.1 >■ 10' kcal are qiven off for each kiloqran of ' fuel nurned. 
When we add the mass of oxygen required (about 3,4 Kq per ka of fuel) 
and convert to mechanical units, we find that r/m for all of these fueis 
IS very nearly 10^ 1/kq. Therefore,, according to i:q . (6), 

Vgj^ ^ .'20 - 10^ m/sec = 4.5 km/sec 

for hydrocarbon fuels butned in oxygen. This, of course, is the largest 
value that could possibly be obtained, even if the exhaust gases emerged 
ice-cold. In actual practice, many current rockets using Kerosene and 
liquid oxygen (called LOX) obtain rouqhlv: 



v^^ = 2.5 km/sec. (7) 

Fven liquid hydrogen and liquid fluorine will yield exhaust velocities 
only about 20 percent greater than this in practice.* Consequently 
whenever the speed of the rocket has to be substantially more than this 
value of Vex — and we shall see in the next section that this is indeed 
so even for orbital fliahts — the useful payload is in practice onlv a 
small fraction of the orioinal mass, by Fq'. (2) . 

In view of this limitation on the fundamental quantity v^^ for chem- 
ical rockets, a number of proposals and experimental models have been 
made for nonchenicai rockets where v^^ nay not have these Imitations, 
To date, none of these has offered any real advantage, although they 
may do so in the future. The difficulty is that today the auxiliary 
apparatus for lon-beam engines, nuclear reactors,, and the like, always 
contains too much mass relative to the mass allowance needed for any 
significant payload. Eventually, of course, we m^ght be able to do much 
better with nonchemical engines. 

* Specific impulse is a term often used by rocket engineers who use the 
symbol I for it. it is essentially impulse per unit weight of fuel and 
equals the exhaust velocity divided by the acceleration of gravity at 
the earth's surface: I = v^x/g. Typical practical values are therefore 
about 250 sec. 



Artificial satellites . Now let us see vhat velocities we need to perforrr. 
the simplest task of space engineer mn , naneiy placing an artificial sat- 
ellite in orbit above the surface of the earth.' Since the radius of the 
earth is ai^out 4 000 rr,iles,, the force of qravity or. a satellite novir.q per- 
haps a few hundrea nilos above the eart^ 's s :r f aco will be not veiy dif- 
ferent fror that on the surface. Thus, the satellite will experience an 
acceleration of approximately q towaro the ce.iter ot t).^ earth. As we 
saw in Chapter 5 if 3 1 is travellinq ir. a circular orbit with speed v, 
Its centripetal acceleration must be v /R where R is the radius of the 
orbit. For these two facts to be consistent,, 

v- /R = q or v = .'Rq . 

Since the satellite is assumed to he fairly close to the earth, the 
radius of its orbit R will be about the sare as the radius of the earth, 
or about 6400 km, Substitutinq this value,, alonq with q = 9.8 Vsec- 
= 0.0098 km/sec , into our formula,, we obtain 



V = 8 Km/sec (close orbit). (8) 

This IS the approximate speed an ob;)ect must have if it is to remain 
m orbit. Kq. (7) displays the rocket-exhaust velocities achieved when 
chemical enqines are used. Are these velocities adeauate? From Eos. (7) 
and (8) , we have 

^c^^'ex = 8/2.5 = 3.2 . 

Substitutinq this value into the rocket equation (4) or (5), we find: 

m^ = (m) 10^'-^^ = 24.5(m) . 

That IS, the takeoff mass mo must be almost 25 times the mass m of the 
satellite and all other non-fuel structures; thus only about A percent 
of the initial mass car. actually ao into orbit (even iqnorinq the problem 
of liftinq it to orbit altitude,, which we shall examine shortly). 

Rut the situation is even worse than these numbers may seem to imply 
at first. The 'other nonfut^ structures" — the rocket's casing, frame- 
work, fuel tanks, fuel pumps, and the like — have much more mass than the 
payload, the satellite. In fact even with the best of modern structural 
materials and techniques, there is so far no rocket mechanism with a mass 
less than about 1/10 of the mass of Lhe fuel it can carry (rather than 
1/25). Accordinq to our foregoing result,; a rocket of this sort could 
not be put into orbit at all. 



The way out of these difficulties is to usp the technicrue of staging, 
which essentially amounts to putting a small rocket onto a larger rocket 
(and this combination onto a thirc:, still larger rocket, and so on as 
necessary) . The fundamental rocket equation is not circumvented by this 
strategem; it remains valid. Put heavy casmqs ar^ fael tanks can be 
thrown away as soon as their fuel is used up, and tiie remaining fuel in 
the remair ^cket then need only accelerate the remainmq mass, which 

can be muci ^,,taller. In this way, the remaining fuel is used r.-ore 
efficiently toward the end of the process,, and the ideal limit expressed 
by the rocket equation can be more nearly approached. It cannot be ex- 
ceeded,, foj. that would violate the conservation of momentum, upon which 
the rocket equation is based. 

There is one further matter that we should look into. We have ne- 
glected to compute the work we must do to lift the payload up into its 
orbit aqamst the downward force of gravity. (Anyone who has watched 



pictures of a biq rocket takma off nas seen ),cv. , at the s'^art, thrust 
must be increased until the rocket's owr veiaht on the launchina pac: is 
balanced ard the net acceleration urward can i^emr.) This work, how- 
ever, IS not terribly larqe, relatively sr^oakmr:,, for a closc-in orbit, 
as we can easily show. In ohtainino Iq. (6), we derived the relation 
V = Rg for the orbital velocity. If we rrultiply this equation by ^ir, 
we find that the orbital kinetic eneray is ,nv = .nqP, The potential 
enerrry chanoe in liftma the nass to hoirt**t h above the surface of 
the earth is r.ah. Sir.cc h is only a few hiindre^; miles while R is 4 000 
miles or rore , the work (rqh) requirec: to raise the satellite will be 
only about 1/10 to 1/5 of tb.e work ( .-nqR) required to qive it orbiting 
speed in a close-m orbit. (^aturally, this is not true for a very 
larqc orbit with a height of-,; s. ^ , 4000 mles or more above the earth's 
surface . ) 



In terplanetary travel . To send mstrurrents to other planets, we irust 
first free therr, fror the gravitational attraction of the earth. This 
requires that the payload be given a velocity sufficient to prevent it 
fror returning close to the earth of its own accord. The smallest such 
velocity IS called the escape velocity . A vehicle with this velocity 
will 3Ust barely escape, and its final velocity will be nearly zero 
rela-ive to the earth. 

As niqht be expected, tl^e escape velocity is not enormously greater 

than orl>ital velocity, and in the appendix to this chapter, we show that 
it IS about: 

\' (for escape) = 11.2 km/sec, (9) 
as corpared to v (for close orbit) = 8 km/sec. (8) 

Even this moderately greater (than orbital) velocity for escape requires 
a *'ather large increase in the ratio of takeoff mass to payload mass. 
With Vex equal to 2 . 5 km/sec as in Tq. (7), we have vc/vex = 11.2/2.?i 
= 4.48,^ anu the rocket equation (iq. 4) yielas: 

= (n) 10^*^^ = 89 (n) . 

So t, despite the seemingly modest change m velocity (11.2 km/sec 
instead of 8 km/sec), free:no a payloat: from the eartli with, chemically 
fueled rockets (even in stages) requires about 3^ times as much fuel 
as required for placing the same payloac. into a close-m orbit. 

Once essentially free of the earth, a body will still be under the 
direct influence of the sun's gravitational forces. Here it is neces- 
sary to recall that the earth already has a rather large orbital veloc- 
ity around tiie sun, and that any body launched from the earth will con- 
tinue to have that orbital velocity if it has been merely freed from 
the earth with no additional accelerations. This velocity is about 
30 km/sec and clearly represents a very substantial bonus for interplane- 
tary travel. Kven so, the '*ariner 4 probe to *lars, for example, actually 
required a takeoff mass 400 times as larcie as the mass of the probe itself. 
The rocket was an Atlas-Agena witn an initial mass of abojt 200,000 lbs. 
and a payload of ^00 lbs. It was designed to cover the 3 * 10"" mile trip 
in the solar system in dbout 7 months (this works out at about 16 
mi les/sec) . 




Fiq. 3 



Travel to a star? when we think of sendinci a payload to examine a star 
we tin.: onco more that the necessary velocity is the crucial factor, but 
the oriqm of the needed velocity is different. The velocity recuired 
to escape froir. the solar system is about J5 kn/sec, but even tlie 'nearest 
stars are enorn^ously far away, and the payload must travel much faster 
than this if it is to complete its journey vitlun a century,. 

The distances to the nearest stars have been measured by observing 
the shift in their apparent positions in, sav, summer and winter as 
the earth moves from o:w side of its orlnt to the other. Even with this 
very larae baseline (186 million miles), the apparent shift m direction— 
the parallax—is extremely small, and the corresDondmq distances are 
found to bo several million million miles, i.e., several trillion miles. 
Such larae distances are more conveniently expressed m liqht years a 
liqht year bomq the distance that liqht will travel m one yor r , A 
simple multiplication shows that one liqht year is about 10^^ <m. 

The two nearest stars are m the constellation Centaurus, The nearest 
one, Proxima Centauri, is 4,2 l>qht years awav but is verv dim and emits 
only about lO" times as much Iiqht as our sun. The next-to-nearest star 
Alpha Centauri, is 4.3 liaht years away and is actually a double star, 
consistmq of two stars similar to our sun and separated bv about the 
distance between the sun and jupiter. The briqhter of the^wo emits 
eneray at about the sam^ rate as our sun,, and the other at about 1/5 
that rate. 

While lone of these partic;:lar stars seens likely to have habitable 
planets cor^parable to our own, it might .he very interestinq to senj in- 
struments ir. close to one of them and take pictures of it. To see Tust 
what problems such a project miqht entail, let us examine this simplest 
of all I'jterstel lar journeys a little more closely. 

The first question to be answered is how lonq we would be willing to 
wait- for the results of the -ourney, Althouqh an unmanned instrument 
pajkage need not return to the earth withm a man's lifespan, it never- 
theless seems that we would ho unlikely to plan today for a very expensive 
project whose results would be known Kiter than,, say, a centurv from now 



If the payload is to travel -1.2 l:a.t years durir.cr 100 years, :ts 
speef. r.ust be 0.042 tires Vo s-oee.*. of liaht (3 • lo' kr/sec) . ".his 
spee ^. Vq is 12.6 • 10' kr/sec. :,et u£ ODtinistical ly assure that 'sf 
car. soon desiqr. rockets v:'h oxhaust \olocities twice as bia). as the 
ones we now ha"e, even tJoufJh it is L*.iff:c;lt to see now hov this coula 
be dono with che'^ical fuels. Thus, we assune Vj»x = 5 kn/sec. Th*en we 
have Vc/Vex =2,52 • 10*, which we substitute into the rocket equation. 
(Roth speeds are srall enouqn so that we can use t* : s nonrelativ; stic 
equation; actually the relativistic one qivos slightly rore pessinstic 
results . ) 

When wc make this substitution in Tq. (4), we fi.^a a result that can 
only be described as ridiculous: 

= (n) 10^°^^ . 

To see ^ust ho\; inpossibly large this rass ratio is, we might note th.at 
the total nurber of a tons in the entire solar systen Ijas been estimated 
to be less than 10'". There is not enouah chenical fuel m the entire 
solar syster to send even one a ton on such a journey 1 In fact, we are 
short of having enough fuel for even that trivial task by a factor of 
over 10 ' ^ [ 

These numbers are so large that the mind can not really form an ade- 
quate picture of their huqeness. To reduce them, let us throw caution 
to the winds and allow a '^uch longer ti^e for the journey, for example, 
5000 years of 50 centuries — a terribly lonq wait. Retracing the aritn- 
metic we find that we t^.en obtain 
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Fven this nore familiar sort of nu.^ber is still absurdly large. The 
mass of the entire earth is only 6 • 10' '* tons, less than enoucrh (even 
if It were all good fuel — and to be so used!) to send a one-ton paylcad 
on a journey of 5000 years to the nearest star. 

There is only one sensible conclusion: interstellar travel is 3mpo_s « 
sible if chemical fuels are used for propulsion . 



Future star travel ? Perhaps one of the conceivable nonchemical rockets 
night someday offer an cape from this pessimistic conclusion. To look 
at this possil)i li ty , let us return to our simplest of interstellar 
;)ourneys, a trip to the nearest star in 100 years. As we saw, we need 
a velocity Vq of 12.6 » lO" km/sec for such a ;]ourney. (With this veloc- 
ity, the payload arrive s at Alpha Centauri after 100 years; it must con- 
tain either a very powerful radio transmitter, or enouah fuel to return 
in another 100 years or so.) 

The various "plasma" engines and "nagnetohydrodynanic" engines that 
have l^een proposed are essentially electric "guns" that shoot out ionized 
gases. It is difficult to set linitma numbers on the best possible per- 
formance from such engines, partly because the exhaust gases are usually 
accelerated by some separate source of power. Ccrtajnly, they can be no 
better than nuclear engines, which we shall examine later. It is probably 
fair to say that exhaust velocities much larger than 1/300 the velocity 
of ligi t could not be expected whan very larae masses of ionized gas must 
be expelled. 



If we adopt tr.is estir.oto, tht-n a value of Vpj, of lOOc v.^/^c- s t r«i- 
the best that could c-er le expecto.: s^ch r.on-r.uc 1 ea r enqinos" 

this value we obta:n the rat:c "cAos = 12.6, aV: iy irsertirrr t\i-, i-'o* 
the rocket equaticr., i r. . (4), -^e let the resuit, ^ 

=r (-) ] 0^' • ' = 3 1 o"^ (r) . 

Thus, a 3-tor. payload woul: recuire at least a n.lic r. ' or.s of ■^ue^" 
(naterial to he expelled as ionized aas). If V-c .>-.xoa. is to ccniaxr. 
a sufficiently poverfi'l rauio trans.-ni t tcr , it :s Iikelv to wei<?h at least 
J tens. To forir sor.e picture of what a nillion tons of material nqht 
look like, Ke r^ay note that a rill:on ton^ of water wouK cov-r a footiall 
field to a depth of 2^0 yards. .^^w. uii 

Abandoning the rac.io transmitter and wa^tinq anothc-r 100 years for the 
payloaa to return would be no way to avnd xhis large nass of "fuel," J e- 
rU.Tn ^1? °" outward ]ourney w-uld ther have to in- 

clude all the fuel" for reversin g the V(Oocity for the return trip. T.his 
essentially squares tie n^^^TTKtTo. raUia To/A ecrual to 10 , which is 
rar worse; even only one pound of true payload then recuiros SO nil ion 
tons oi taK, eoff nass. 

u.o r*''^'; "^"^^^ quite <;o ridiculous as t).o ones we oi tamed vshon 

we tried to use chemcdl fuels, l^ut th(>y clear iv show th<)t lon-i ean en- 
gines will -.ot be very practical for inter stel l..r travel unless thev can 
thrve^^c.i,": oHight-r''"'' sicnifi.antly greater than 1/300 ' 

abir^ator.Il^^"?'' ^'S^"^' Kilogram of fission- 

able material. According to Vq. (6), this will result in a nax:inum ex- 
haust velocity of tho products of fission of 12. B ^ 10^- m/sec, or 12. b • .0 
km/sec, about 1/23 the velocity of light.* 

These exhaust velocities at last begin to aooroach what we need for 
Alphr^'entaurf ^.^'^^^^^^ journeys. Tor the* lo.-year , one-way tip to 
Alpha -entajri the necessary v^ is ]ust ai>out exactly equal to Ihe Vp. 
that we might hope to obtain for nuclear fission products, and the rocket 
equation then gives r.^M ^ 2.7 to 3. This,, in itself, is so clearlv 
practical that we niQht begin to consider rakina the elaosed time some- 
what shorter or ]ournoying furtner to a few of the slightly more distant 
stars. Note, however, that a 20-year, one-way trip to Alpha Centaur i 
would still require mo/n = 200 approximately. 

Lut present day engineerinq is a lona way from being able to put a 
small nuclear reactor on a rocket to provide these exhaust velocities 
i^lJtl^'^T products. Today's nuclear reactors involve so much additional 
mass besides their fuel that they would be even less useful than engines 
working with chericdl fuels—and the latter are hopeloos for interstella- 
]Ourneys, as we have seen. It was only by iqnorina these ^uxiliarv dif- 
riculties that we have made nuclear power appear to be the answer for 
interstellar travel. What is likely, however, is the development of 
nuclear reactors that do not emit the relatively heavv fission products, 
V>at that provide heat to a supply of hydrogen that is pumped over .he 

Pn^^f^ ' ^'J^^^^^ '^^^ e]ected at correspondingly hiaher speed (see 

Eq. (6); v^^ is proportional to ^T/m . ^ . h 

* The best possible nuclear fusion reaction, converting A hydrogen 

nuc-ei into a helium nucleus, gives aboat 1/8 the velocity of light. 
But non-explosive "slow" fusion icuctors are far fror be]ng availat;le 
on the earth, not to speak o^ the ava 1 1 ^};i : i tv of a t ortable model 
for use in rockets i 



If we are ever going to send instruments, let alone men, to even the 
nearest stars, we must firs'si develop an alrrost ideal nuclear rocket (or 
an ion-beam rocket virtually equivalc nt to it) . Lven then , the simplest 
such trip will require many decades. 



The perfect rocket . If we agree to ignore questions of engineering know- 
how, is there any absolute liir.it to how effective any rocket could possi':>ly 
be? There is indeed such a limit and it is imposed by the facts of physics; 
physical energy cannot leave the rocket at an exhaust veJocity greater than 
c, the velocity of light. And when any energy (say of amount E) is lost 
by the rocket, it also loses a (rest) mass of m = E/c* . Thi:> is true 
whether the energy E is carried off m the exhaust of sor.e gas or m the 
form of a beam of light that escapes from> the back of the socket. This 
last possibility is suggested by certain reactions between el'rnentary 
particles, reactions known as annihilat ions . When an electron ve~) and 
a Dositron (e*^; iTeact sufficiently strongly, both particles c'lsappear and 
m then place appear two qa^^jna rays; the latter are photons, like light 
or x-ray photons, that travel at th . speed of light and together carry 
all of the energy repres^^nted by *■} 2 masses of the vanished electron and 
positron. The reaction suggests that one may call the electron a particle 
of matter and the positrcn a particle of anti-matter . 

This annihilation of positrors with electrons was the first reaction 
of this kind that was observed; but m the late 1950' s, ->-^ti-protors and 
anti-neutrons were also discovered, and each was observed to annihilate 
with Its ordinary counterpart, the usual proton or neutron respectively, 
producing two energetic gamma rays in each case. Thus, it became clear 
that a whole system of an ti -matter — an ti -hydrogen, an ti -helium, and so 
on— could be constructed from the elementary anti-par tides . We do not 
yet know how to do tins to any significant extent, but we know of no 
physical law that would f-jrhit it. 

Since we have already agi-cr-d to ignore practical manufacturing problems 
m this discussion,' let us assume that large amounts of anti-r.atter might 
be made available. What could we do with such a m.atei'ial if .e had it? 
It would not be an inexpensive supply, because to m^anufacture it would 
require at least as much energy as it \;ould later give back. But it 
would represent a very efficient way of storing energy. Indeed, anti- 
matter, plus ordinary matter to "burn" it with, would have the smallest 
ratio of stored energy to total mass that is physically possible, nam.eJy 
E/m = c^ . Moreover, because the released (photon) energy will depart at 
the speed of light, such a "fuel" would constitute the best possible 
rouket fuel (provided we could find a way of making the photons travel 
backwards from the rocket) , 

Naturally, we must use relatiVistic mechanics to derive the equations 
for such an exotic rocket. We shall not do so hero but wilJ merely 
quote the result; if the exhaust velocity equals t-he velocity of light, 
then 



2. = / £ (10) 

1 V C - V 



where all the symbols have the same meanings as b','fore. This is the 
mass equation for a perfect rocket, 

[Xof , by the way, that a man on the rocket sees the exhaust energy 
leaving the rocket at the velocity of light; at the same time a man on the 
earth, say, will see the rocket traveling at the velocity of light rela- 
tive to the earth. This is one of those paradoxes (se eming contradictions) 
of relativity that cannot be reconciled with our ordinary experience.! 
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'^"^^•'^^ ^■^'^^ easier for us to travel to the 
s.ars? One answer is: "A little, perhaps, but not much." -ven ->-is 
o'%er^o--r=ract?L'f''-'"/' justifiable only if we rray ignor^ a number 

ser.o„s practical aifficulties m addition to that of creatmq t!-^ 
necessary a.nti-natter for fuel. ^-ea^ing c. e 

AS fitL^H ^"t^i'" a "typical" journey, preferably a rather sinole one. 
«s stated before, the nearest stars are about 4 light years away cJt an 
iceal nuclear rocket -.-ould suffice for such a trio so let us consider a 

^ ^^stance of 12" to ?3 light years from 
the earth there are about 20 stars. (of t.hese, onlv Alpha Cer^auri ^s 

a °Ioes ti^f.''' ^-^-^^ as much Energy*' 

as does the sun and one other ei-its about 5 tmes as nucii.- -he remain- 
ing ones are either very rr.uch brighter or very nuch di~- than the sun.) 

^^=°^'-^"gly' let us consider a round trip fror. the eai -o a star 
12 light years away and back.: Since „e would have to vait 24 vears fo' 
c^ose to^'^h '"^''^ the round trip, the top speed of the rocket^must be 
ea°t^ dur-^^ n-^^^f of light if the rocket i= to return to the base on 
!^s d'S'ant^ooaf ^ut we would not want the rocket to fU past 

as ionaio On \f I I -^^ ^^^^^ °^ ^'^^^ take ab^ut 

as xong to slow the rocket cown as it did to speed it up m the first 

as^s.nown'^n%i^ 4^^°^"^-'' °^ ^'""l" '"^ve to vary approxiriately 

we -n.-^'k^'' ir^.posing unduly large forces on the .-^.en ir.side the rocket, 
acceleration ^^'^ accelerations and decelerations snail; at an average 
acceleration of 1 g, one can calculate that about a vear will be re- 
c..irec, .0 reach full speed, a.^.d another vear to stop'. To keep the 
s°;ed nfn In" ^i^^ journey reasonably small, we shall choose a too 
speec. of 0.8c, thdt is, only 20% less than the speed of light.. " 

Journeys of this type involve, therefore, four separate steps: accel- 
eration, aeceleration, reacce lerat ion , and a final deceleration! The 
rass equation applies to each one, but we must remember that, during each 

be'^^edeYfor Tr^l^lT ^-^^^^te) all of the fuel ^ass th't'wuf 

be neeced for alx the succeeding steps. For one step of the journey m 
rig. 1, the mass equation Eq. (1) yields j 1 



0.8c /I + 0.8 

= / = 3 

0.8c / 1-0.8 



But If m represents the true payload, this result apolies onlv to the 
ste^nusfh"™ ^^^--'Pl^' -^ass at the beginning of this final 

step must be mo = 3, anc this must be the "payload" for the next-to-last 
s.ep, the acceleration foFTEe return trip. Thus, the return trip must 
begi.n with a total mass of 3mo = (3;m) It is easy to show m the sa.-e 
way that the two steps of the outward leg of the journey will introduce 

Tr>T/^ ItT'l °' ^\ T^"'' ^'^^ take-off mass when the 

rocket leaves the earth (and m denotes the true payload, as before) 



we f md 

00 ^4 



That IS, each ton of payload requires 81 tons of combined take-off mass. 
A 10-ton payloac; would require almost a thousand tons of fuel for tne 
3ourney^ve nave considered— and half of this fuel must be antl-mat^-r. 
Obvious;.y„ we would have to learn how to manufacture anti-matter m very 
larqe amounts indeed. 
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Fig. 4 A moJest interstellar journey 
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With these assumptions about the trip, it is possible to show that 
the journey we have discussed woul.: take 32 years as measured on the 
earth. Rut because of relativistic time>dilation for the inhabitants 
of tho moving systems, it turns out that the crew of the rocket would 
aqe by only 20 years. That is, as measured by the crew, the nourney 
would require only 20 years. 

The perfect rocket has further difficulties that we have not yet 
mentioned First the energy flux of aamir.a rays from such a rocket, 
witn a 10-ton payload,, can be shown to be 2.4 > lo^'' watts a power 
that IS equivalent to a 1-kilo bomb once every 1.7 seconds! And all 

rLc tk"^''^^/^^'' ^^'^ °^ ^^^y penetrating, deadly gai^^ii" 

rays. The payload would have to be shielded very well indeed from 
even the slightest leakage of all this energy— to say nothing of the 
difficulties of shielding the earth and its inhabitants as the rocket 
taKes ott. Figure d indicates how the rocket might look in principle, 

Anf^^^^^fi^' ^ f/''''^ ^'?* ^ reveals another very serious difficulty. 
Anti-matter would act as a "univerra' solvent," reacting readily with 
any ordinary matter that it contacts. Then, in what can we store it^ 
Within our present knowledge, this problem has no solution. 

Thus, we have found that a perfect rocket probably cannot be bu'lt, 
and that,, even if it could be built, it would not extend the range'of 
possible space travel very much beyond the meager capabilities of an 
Ideal nuclear rocket. Even the nuclear rocket is presently a long way 
from being practical. For the tim^ being, of course, there are many 
exciting possibilities for exploring our own solar system with the 
c^^Uli''!^^^ f''''^^'^ rockets we already know how to build. The dreams of 
space travel are coming true,, but only on a "local" basis. °^ 



Cornmunicatinq through space. This final section is closely based on, 
and copiously cites from,, E. M. Purcell's article "Radioastronomy and 
Communication through Space." Rrookhaven National Lecture series 
#BNL 658 -(T-214); we wish to thank Dr. Purcell and the BNL for per- 
mission to use this material. 

N^ow we shall discuss a very different aspect cJ space engineering, 
namely, sending signals, rather than physical hardware, across the hucje 
distances of space. The signals that we know how to send most efficiently 
are coded radio waves, but our discussion will also apply to the Ught 
beam from a laser or to any other type of electromagnetic radiatior 
If the necessary engineering "know-how" can be developed. Radio signals 
suitable for communicating over a distance of a few hundred miles reauir 
relatively little energy, but a large amount of energy is needed in 
municating across the vast reaches of soace. 



require 
com- 



The simplest possible radio signal is ]ust the presence or absence of 
a radio wave— ^r equally well, the presence or absence of a small shift 
in Its frequency (so-called "frequency-shift keying"). Correspondingly, 
the simplest possible sign that can be written on a piece of pape- is the 
presence or absence of a black dot in some agreed-upon location. News-' 
paper photographs are arrays of such dots. Television pictures are built 
up in much the same way. 

The simplest possibl- signal, then, expresses a two-fold ("bindry") 
choice,, a sample "yes or no," a "something or nothing" signal. More 
complicated codes can always be broken down into such signals. For 
example,, a Morse code dot might be called a "yes" and the space between 
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Fig. 5 A perfect rocket? 
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two dots a "no"; then the dash becomes two successive "yes3es," and the 
longer space between two letters xs represented by two successive "noes " 
and so on. ' 



This way of analyzing signals was first suggested by the American 
radio engineer R. V. L. Hartley m 1928, and it was further developed 
by C. E. Shannon at Bell Telephone Laboratories m 1948. Shannon called 
the simplest yes-no signal a bit (for "binary digit"), and he first de- 
veloped much of the analysis that we shall be using in this section 
This analysis is a part of "information theory." 

For space communication, the important fact is that each bit (each 
yes-no signal) requires a very small amount of energy. Just as space 
IS filled with very faint light rays from the stars, it is filled also 
with a background of weak radio waves of all types. If we are to de- 
tect a signal from outer space against this "noise/' we must receive 
enough energy to be sure that the supposed signal is not nust one of 
the random mutter mgs of space itself. Near oui solar system, a re- 
ceived signal energy of at least 10"^ ^ joule per bit is required. This 
requirement is essentially independent of the radio frequency or the 
manner in which the signal ib coded m the radio wave, and presumably 
It remains about the same m many parts of empty space. 

As an example, let us consider the task of the Mariner IV space probe 
namely to send good television pictures of Mars back to the earth. Since 
such a picture contains an array of about lOOO-by-1000 dots, one picture 
can be transmitted by a signal consisting of about 10^ bits. The signal 
can be detected if on roachmg the earth, it delivers (to our receiving 
antenna) 10^ x lo'^i ^^.^^^ ^ ^q-is ^^^^^ f^^, ^^^^ picture that is to be 
transmitted . 



But what the transmitter emits must be much more energy than what we 
intercept and receive at a distance. A simple radio antenna sends the 
energy outward more or less equally m all directions. A properly de~ 
signed complex antenna can concentrate most of the energy into a narrow 
beam, but such an antenna must be large (compared to the wavelength of 
the radio waves),, and it must be very accurately shaped. Not only is 
this difficult to do, but once it is done, the antenna must be pointed 
toward the receiver, accurately enough to be sure that the receiver 
lip^s mside the radio beam, and this pointing operation m turn re- 
quires additional machinery and sensors that must be equally accurate 
Thus, a space probe such as Manner must contain either a rather large 
radio transmitter or else a smaller transmitter and a lot of complex 
rather heavy machinery. 

The best compromise amongst all the possibilities will depend on 
the purpose of the space probe and on the status of various engineerinq 
arts at the time the probe is designed. But we can obtain a rough idea 
of the weight of the necessary equipment by analyzing the situation when 
a simple antenna is used. 

Fig. 6 summarizes the situation. Notice that the receiving antenna 
on the earth can be quite large, and we shall assume that it has a diam- 
eter of 100 m (about 100 yards). Only the radio energy that happens to 
strike the receiving antenna will be useful. Thus, the fraction of the 
energy that is useful will be given by the ratio of the area of the re- 
ceiving antenna to the area of a sphere whose radius is equal to the 
distance from Mars to the earth, about 10^ km = 10^^ m (see Fig 6) 
The ratio of these areas is 

-^(50)^ ^ -20 

- 6 A 10 

47,(10-^ '^)^ 
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Fxg, 6 Sending television pictures from Mars to the 
earth. (The diagram is not to scaleJ) 



We have seen that the received energy muse be at least 10"^^ ]oule per 
picture. The energy that must be transmitted for each picture, however, 
m'lst be 

^Q-15 

T?T = 16 X 10 ]oules per picture , 

6 X 10"^" 

Although this amounts to only about 0.005 kw-hr, a rather small amount 
of energy by cur normal standards, it does represent something of a bur- 
den to a space probe. To compare it with something familiar, we might 
note that the average autcmobile battery could store only enough energy 
for sending about 100 such pictures. Actually, this is a very optimistic 
estimate because we have computed it by using the minimum possible energy 
per bit of "information," namely 10"^^ joules per bit. If we are going to 
go to all the trouble of sending a probe to Mars, we would want the signal 
that It sends back to be quite strong, not ]ust barely detectable, lest we 
miss It entirely. Thus, it would be more realistic to say that an auto- 
mobile battery can store enough energy to send about 10 television pic- 
tures from Mars to the earth. 

Since such a battery would weigh about 35 lb, and since the ratio of 
take-off mass to payload mass was about 400 for Mariner IV, the energy 
storage for 10 television pictures of Mars would add about 7 tons to the 
take-off mass of such a probe, if a nondire'^tion antenna were used to 
send the pictures back to the earth. Actually, Mariner IV used a rather 
highly directional "dish" antenna, but note that the antenna and its 
pointing equipment must have weighed less than 35 lb if it was to econo- 
mize on take-off weight. 



Although these energies and masses are perhap , surprisingly large when 
^'e consider that they all arose from the very srall number of noules per 
oit (10- , see p. 16), they are nevertheless snail compared to the masses 
and energies that would be necessary to send ph/sical hardware back fro. 
Mars. For example, even a small canister of exposed photographic film ' 
might weigh 1 lb, but we would have to send alf.ng with it enough fuel to 
start It on its return journey, namely about 400 lb of fuel. This would 
add 400 K 400 lb or no less than 80 tons to the original take-off mass when 
the probe leaves the earth-^and we have c mpletely ignored the extra equip- 
ment that would be needed to ensure both a proper return orbit and a safe 
re-entry through the earth's atmosphere. 

When we consider the very much greater distances to the nearer stars 
the economy of sending sjgnals rather than hardware becomes even more 
marked. We have seen that nothing short of an ideal nuclear rocket can 
send a physical payload to the nearest star, anc! that even then the trip 
would require several tens of years. On the other hand, if we consider 
distances as great as 12 light years (containing 20 to 30 stars) it i 
possible to show that, with 300-ft antennas at the transmitter and re-* 
ceiver, a ten-word telegram can be sent with about a ki lowatt-hour of 
radiated energy (Fig. 7). This is less than one dollar's worth of 
energy at current prices. 

.^J.^ course, the trouble is that there is no body at the other end to 
communicate to. Or is there? in the remainder of this section, we 
sh2ll discuss the question of conmunicatinq with other people out there— 
if there are any.* f f 




Fig. 7 IS from E. M. Purcell, "Radioastronomy and Communication 
through Space" (BML lecture series #BNL 658 (T-214)),^ p. 9. 



Let us looV at ]ust our own galaxy. There aie sore 10' stars in the 
qalaxy. Pouhle stars are by no rea.ns ur.corror. and m fact, there appear 
to he alrost as rar.y double stars as single stars. Astrororers take** 
this as a hint th.at planetary systers around stars nay not be very un- 
conr.on either. 'Moreover, a large nur.i er of stars aro' not rapidly* spin- 
ning. One goou way for a star to lose nost of its spin is by mteracLing 
with Its planets; that is what probably happene^; m our own solar systen. 
So the chances that tliere are hundreds of Millions of planetary systems 
arong the hun^.rec^^ billion stars in our oaJaxy seen good. One can' elab- 
orate on tnis, but we shall not try to estimate the proijability that a 
planet occurs at a suitable distance fron a star, that it has an atmo- 
sphere in which life is possible, that life developed,, and so on. Very 
soon in such speculation,; the word "probability" loses any practical 
meaning. On the other hanv-. , one can scarcely escape the mpression that 
It would be rather remarkable if only one planet in a billion (to speak 
only of our own galaxy) had become t.he home of intelligent life.. 

Since we can corrjr\unicate so easily over such vast aistances,, it ought 
to be easy to establish communication with a society (if we may use that 
word) ir. a remote spot. It would be even easier for them to initiate 
com.muni cation \;ith us if they were technologically ahead of us. Should 
we try to listen for such communications,, or should we broadcast a mes- 
sage and hope that someone will hear :t? If you think about this a 
little, you will probably agree that we want to listen before we trans- 
mit. The historic time scale of our galaxy is very long, whereas wire- 
less telefrraphy on Tarth is only 50 years old,, and' really sensitive re- 
ceivers are much more recent. If we bank on people who are able to 
receive our signals but have not surpassed us technologically, t.hat is,, 
people who are not more than 20 years behind us but still not ahead, we 
are exploring a very thin slice of history. On the other hand, if we 
listen instead of transmittma, we might hear messages from people any- 
where who are ahead of us and happen to have the urae to send out signal*; . 
Also, bema technologically more advanced than we are, they can presumably 
transmit much better than we can.- So it would not be sensible for us to 
transmit until we have listened for a lona time. 

If you want to transmit to someone — and you and he cannot agree on 
what radio frequency to use — the task is nearly hopeless. To search 
the entire radio spectrum for a feeble signal entails a vast waste of 
time. It IS like trying to meet someone in N'ew York when you have been 
unable to communicate and agree on a meeting place. Still, you know you 
want to meet him and he wants to meet you. Where qo you end up? There 
are only a few likely places: at the clock of Grand Central Station,, in 
the lobby of the .Metropolitan .Museum, and so on. Here, there is only one 
Grand Central Station, namely the 1420-megacycle/sec frequency emitted 
by hydrogen, which is the most prominent radio frequency in tne whole 
galaxy (by a factor of at least 1000) . There is no question as to whi h 
frequency to use if you want the other fellow to hear: you pick out the 
frequency that he knows. Conversely, he .11 pick out the frequency that 
he knows we know, and that must surely be 1420-megacycle/sec frequency. 

Let us assume tnat his transmitter can rat^iiate a megawatt of power 
within a 1-cycle/sec bandwKith. This is something that we could do our- 
selves if we wished to; it is ^ust a modest stretch of the present state 
of the art. If we receive with a 300-ft dish-antenna and he transmits 
with, a similar one, we should be able to recognize his signal even if 
It comes from several hundred lioht years away. With the new maser re- 
ceivers,, which are now being used in radioastronomy , bOO light years 
ought to be easy. Rut even a sphere only 100 light years in radius 
contains about 400 stars of roughly the same brightness as the sun. And 
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the volune accessible to connunication increases as the cube ot the ranqe 
We have previously argued that it is hopelessly difficult to travel even 
a few light years, and we now see that it is m principle auite easy to 
communicate over a few hundreds of liaht years. The ratio'of the volumes 
IS about one million. jFig. 8) 




Fig. 8 (From Purcell,, 0£. cit.) 



There are other interesting questions. When we get a signal, how do 
we know it is real and not just some accident of cosmic static? This 
might be called the problem of the axe head: an archeologist finds a 
lump of stone that look, vaguely like an axe head; how does he know it 
is an axe head and not an oddly shaped lump of stone? Actually the 
archeologist is usually ^ery sure. An arrowhead can look rather like 
an elliptical pebble, ana still there is no doubt that it is an arrow- 
head. Our axe head problem car be solved m many ways. Perhaps the 
neatest suggestion tov devis na c> message having the unmistakable hall- 
mark of intelligent beings ic, the suggestion made by G. Cocconi and P. 
Mojrison. "^hey would have ♦■he sender transmit a few prime numbers, i.e., 
1, 3„ D, 7, 11, 13, 17 . . . Ther« are no magnetic storms that send 
messages like this. 

What can we talk a )out w:tn our remote friends? We have a lot m 
common. To start with, we h u'o machematics m common, and physics, 
cnemistry, and astronomy. Ke h^ve the galaxy m which we are near 
neighbors. So we can open our djscoui^se on common ground before we move 
into the more exciting exploration of what is not common experience. Of 
course, the conversation has une peculiar feature of a very long built- 
in delay. The answer comes back UG-8des later. But it gives one's 
children something to loo/c forward cc. 
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Appendix A. The rocket equation 

In Eq. (1), we showed that, during very small changes of velocity Av,, 
tne following relation is required by the conservation of momentum: 

ex 

Now we want to extend this relation to arbitrarily large changes of ve- 
locity . 

A large change of velocity can be conceptually divided into a great 
many steps with a small change in each. Let us choose these in such a 
manner that all of them involve the same fractional change in the mass 
of the rocket. For example, we may choose 

where n is a large number that we will leave unspecified for the moment, 
but It IS to be the same for each small step. 

Then if m is the original mass of the rocket and is its mass after 
the first small step of velocity change, we will have: 

mi = (1 - -) m , 
* n' o 

After the second step, the mass will become: 

= (1 - i) n,, = (1 - i)^ n,^ . 
After the third step, it will be: 

^ n o 

And It IS easy to see that after k of our very small changes in velocity, 
the mass of the rocket will be 

Now, what will be the change in the rocket's velocity during these 
k steps of acceleration? By substituting Eq, (A2) into Eq, (Al) we 
find that durir.g each step the velocity change will be: 

Av = i V 

n ex 

Since these are all the same, the total change in velocity during k 
steps will be D^st k{Av) , if we denote this total change in the rocket's 
velocity by v^, we have: 

V = li V . 

c n ex 



Now solve this relation for k: 



And substitute into Eq. (A3) 



n (v /v ) 
ex' 



m (1 - i) c ex 
o n' 



If we write m in place of m with the understanding that m now repre- 
sents the rocket's mass after its velocity ha', changed by v , and if 
we use the multiplication rule for exponents, we can write our^result in 
the following form: 



(1 



h ! 



(A4) 



We have eliminated k from our relations, by expressing i| in terms of 
the velcrity change v Can we eliminate n? In a sense,, we cannot, but 
we can replace it by a less arbitrary quantity. 

As we noted earlier,, the simple relation tq. (Al) is valid only for 
very small bursts of thrust. The smaller the burst, the more accurate 
Eq. (Al) becomes. In view of Eq . (A2) , then our relations will all be- 
come more and more accurate as we choose n larger and larger. Obviously, 
the best thing to do is to choose n so very large that the quantity in 
square brackets in Eq. (A4) approaches a steady value and no longer 
changes significantly. Better still, we should take the limit of the 
square brackets as n "approaches infinity," 

Perhaps it is not obvious that this lir-tit exists in the sense that it 
IS a well-defined number, but this fact can be shown by methods that we 
cannot pursue in this book. To agree with standard mathematical nota- 
tion, we shall define a number e by the relation: 



— = limit (as 



(A5) 



The number e has been evc.luated to very meny decimal places, but in physics 
we seldom need more than a few places: e = 2.718 is usually quite suffi- 
cient. Another way of stating the value is often more convenient: 



e = 10 



0 . • 



Now, If we let n approach infinity in Eq. (A4) and substitute the 
definition (A5) , we obtain the result: 



% (1/e) 



(v /v ) 
c^ ex' 



or 



m = m 



•(V /V ) 
c^ ex' 



(A6) 



This final relation can be rewritten in many ways. Eq . (2) of this chap- 
ter IS the same as Eq. (A6) ; and Eqs. (4) and (5) are other forms ob- 
tained by solving Eq. (A6) for m and substituting a numerical value for 
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Appendix B. tiscape velocity 

If a body is projected away from the earth with sufficient velocity,, 
It will never return. The smallest such velocity is o, 11-, ^ tjie escape 
velocity, and we shall derive it in this section ^rom the law of conser- 
vation of energy. 

The initial kinetic energy of a body of mass tnat has been pro^f^ctQ^ 
out from the earth with velocity v is equal to ijmv- . If this is\)ust 
<^qual to the wor*. that must be done against the earth's grav\T:ational 
force on the body as it travels away, then the body will slow down 
greatly when it gets very far away,, b>:c it will never entirely stop, as 
It would if Its initial kinetic en».rgy were less than the work that must 
be done against the gravitational attraction. 

Thus,, our rp.am task is to evaluate the work that is done against the 
earth's gravitational force by a body that moves from the earth's surface 
to a very large distance awa/. But to simplify the language of our argu- 
ments, we shall evaluate the work done ojn the body the earth's gravi- 
tational field. 

Newton's law of gravitation states that the force on a body of mass m 
due to the earth (mass M) is 

F = G • (B)) 

where G is Newton's gravitational constant and R is the distance from the 
body to the center of the earth. Wher '-e body moves a small aistance 

R further away from the earth,^ the wc ione on it by the gravitational 
force will be 

=-F(AR) ^ (GmM) (B2) 

where the minus sign arises because the force opposes the increase in R. 

Now we must add up all the ^w*s for all the :.R's as the body moves 
from the earth's surface to a very great distance. In Eq. (B2) , the 
quantity (GmM) is a simple constant, but 1/R" changes continually as the 
body moves away,, and we must find some way to express the ratio -(i^R)/R^ 
as a change m some other quantity. One way to find this desired quan- 
tity IS to guess at it and then try to prove that the guess is correct. 
From the fact that -(iR)/R^ has the units of a reciprocal length, we 
might guess that it could equal A(l/R). The change in 1/R,, as R itself 
changes by iiR, will be: 

, . 1_. _ _1 1 _ -^R 

^'^R' ' P + ;.R ' R ' R(R + AR) 

This IS almost the result we were seeking, and now we note that we are 
free to make the individual steps ;R as small as we like. Thus, we can 
make -(:.R)/R' equal to i(l/R) to any accuracy that we may wish to choose. 
In the limit as the steps are made smaller and smaller, the relation be- 
comes exact,, although we cannot go into the proof of this here. 



Accordingly, we can rewrite Eq. (B2) as follows: 



^-W = (GmM) 



This equation states that the steps aw m the total work done are lust 
equal to the constant (GmM) times the corresponding changes m the quan-^ 
tity 1/R. The sum of all the iW's, therefore, will be equal to the total 
change m the quantify GmM/R. If the body moves far enough from the 
earth, we may take thfH final value of this quantity as zero (because R 

approaches infinity") , and the initial value was GmM/R , where R is the 
radius of the earth. The total net change is the fmal^value mi-.Ss the 
initial one: 



GmM 

~ ■ (B3) 



We can simplify this result and eliminate the factor GM by observina 

when-r?"?/ : f^' i^'^ "^'^ gravitational force'on the ^ody 

When It IS at tfie earth's surface and that this force must be simply mg^ 



m = F (at suriace) = mq. 

R 2 
e 



Thus, GM = gR^^ and when this is substituted into Eq. (B3) we obtain: 

W = - g R^. ,34j 

The work done b^ the body against the gravitational attr^.ction of the 
served'^iat 1^:'.'"' negative of this quantity, and we have already'ob^ 
served that, if v is equal to the escape velocity, this work must equal 
the initial kxnetic energy of tha body: c^udi 



g * H mv^ 



Multiplying through by 2/m and taking the square root of both sides of 
this equation, we oi^tam the final formula for the escape velocity: 

V (escape) = g . (35^ 

Notice that this is independent of the mass of the body. Insertmq the 
wHlve^^n^^^LiHg: '''' ' = '^^^^^^ ^ '^^..0^.^.1 lllue 

V (escape) = 11.2 km/sec. 



Looking for a New Law 

Richard P. Feynman 



In general we look for a nev^ law by the following process. 
First we guess it. Then we compute the con^^equences of the 
guess to see what would be implied if this law that we guessed 
is right. Then we compare the result of the computation io 
nature, with experiment or experience, compare it directly 
with observation, to see if it works. If it disagrees with ex- 
periment it is wrong. In that simple statement is the key to 
science. It does not make any difference how beautiful your 
guess is. It does not make any difference how smart you are, 
who made the guess, or what his name is - if it disagrees 
with experiment it is wrong. That is all there is to it. It is 
true that one has to check a little to make sure that it is 
wrong, because whoever did the experiment may have re- 
ported incorrectly, or there may have been some feature in 
the experiment that was not noticed, some dirt or something; 
or the mai. who computed the consequences, ev^en though it 
may have been the one who made the guesses, could have 
made some mistake in the analysis. These are obvious re- 
marks, so when I say if it disagrees with experiment it is 
wrong, I mean after the experiment has been checked, the 



calculations have been checked, and the thing has been 
rubbed back and forth a few times to make sure that the 
consequences are logical consequences from the guess, and 
that in fact it disagrees with a very carefully checked experi- 
ment. 

This will give you a somewhat wrong impression of 
science. It suggests that we keep on guessing possibilities 
and comparing them with experiment, and this is to put 
experiment into a rather weak position. In fact experimen- 
ters have a certain individual character. They like to do 
experiments even if nobody has guessed yet, and they very 
often do their experiments in a region in which people know 
the theorist has not made any guesses. For instance, we may 
know a great many laws, but do not know whether they 
really work at high energy, because it is just a good guess that 
they work at high energy. Experimenters have tried experi- 
ments at higher energy, and in fact every once in a while 
experiment produces trouble; that is, it produces a dis- 
covery that one of the things we thought right is wrong. In 
this way experiment can produce unexpected results, and 
that starts us guessing again. One instance of an unexpec- 
ted result is the mu meson and its neutrino, which was not 
guessed by anybody at all before it was discovered, and even 
today nobody yet has any method of guessing by which 
this would be a natural result. 

You can see, of course, that with this method we can 
attempt to disprove any definite theory. If we have a definite 
theory, a real guess, from which we can conveniently com- 
pute consequences which can be compared with experiment, 
then in principle we can get rid of any theory. There is 
always the possibility of proving any definite theory wrong; 
but notice that we can never prove it right. Suppose that 
you invent a good guess, calculate the consequences, and 
discover every time that the consequences you have calcula- 
ted agr^ie with experiment. The theory is then right? No, it 
is simply not proved wrong. In the future you could com- 
pute a wider range of consequences, there could be a wider 
range of experiments, and you might then discover that the 
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all due to so and so, and such and such do this and that more 
or less, and I can sort of explain how this works . . then 
you see that this theory is good, because it cannot be 
proved wrong! Also if the process of computing the con- 
sequences is indefinite, then with a little skill any experi- 
mental results can be made to look like the expected 
consequences. You are probably familiar with that in other 
fields. 'A' hates his mother. The reason is, of course, because 
she did not caress him or love him enough when he was a 
child. But if you investigate you find out that as a matter of 
fact she did love him very much, and everything was all 
right. Well then, it was because she was over-indulgent when 
he was a child! By having a vague theory it is possible to 
get either result. The cure for this one is the following. If it 
were possible to state exactly, ahead of time, how much love 
is not enough, and how much love is over-indulgent, then 
there would be a perfectly legitimate theory against which 
you could make tests. It is usually said when this is pointed 
out, 'When you are dealing with psychological matters 
things can't be defined so precisely'. Yes, but then you 
cannot claim to know anything about it. 

You will be horrified to hear that we have examples in 
physics of exactly the same kind. We have these approximate 
symmetries, which work something lik. this. You have an 
approximate symmetry, so you calculate a set of conse- 
quences supposing it to be perfect. When compared with 
experiment, it does not agree. Of course - the symmetry 
you are supposed tj expect is approximate, so if the agree- 
ment is pretty good you say, 'Nice!', while if the agreement 
is very poor you say, 'Well, this paiMcular thing must be 
especially sensitive to the failure of the symmetry'. Now you 
may laugh, but we have to make progress in that way. When 
a subject is first new, and these particles are new to us, this 
jockeying around, this 'feeling' way of guessing at the 
results, is the beginning of any science. The same thing is 
true of the symmetry proposition in physics as is true of 
psychology, 2^ do not lau^ too hard. It is necessary in the 
beginning to be very careful. It is easy to fall into the deep 



end by this kind of vague theory. It is hard to prove it 
wrong, and it takes a certain skill and experience not to walk 
off the plank in the game. 

In this process of guessing, computing consequences, and 
comparing with experiment, we can get stuck at various 
stages. We may get stuck in the guessing stage, when we have 
no ideas. Or we may get stuck in the computing stage. For 
example, Yukawa* guessed an idea for the nuclear foices in 
1934, but nobody could compute the consequences because 
the mathematics was too difficult, and so they could not 
compare his idea with experiment. The theories remained 
for a long time, until we discovered all these extra particles 
which were not contemplated by Yukawa, ard therefore it 
is undoubtedly not as simple as the way Yukawa did it. 
Another place where you can get stuck is at the experimen- 
tal end. For example, the quantum theory of gravitation is 
going very slowly, if at all, because all the experim*ints that 
you can do never involve quantum mechanics and gravita- 
tion at the same time. The gravity force is too weak com- 
pared with the electrical force. 

Because I am a theoretical physicist, and more delighted 
with this end of the problem, I want now to concentrate 
on how you make the guesses. 

As I said before, it is not of any importance vhere the 
guess comes from; it is only important thai it should agree 
with experiment, and that it should be as definite as pos- 
sible. *Then*, you say, *that is very simple. You set up a 
machine, a great computing machine, which has a random 
wheel in it that makes a succession of guesses, and each time 
it guesses a hypothesis about how nature should work it 
computes immediately the consequences, and makes a com- 
parison with a list of experimental results it has at the other 
end*. In other words, guessing is a dumb man's job. Actually 
it is quite the opposite, and I will try to explain why. 

The first problem is how to start. You say, *Well Td 
start off with all the known principles'. But all the principles 

♦Hideki Yukawa, Japanese physicist. Director of Research Institute for 
Fundamental Physics at Kyoto. Nobel Prize 1949. 



that are known are inconsistent with each other, so some- 
thing has to be removed. We get a lot of letters from people 
insisting that we ought to makes holes in our guesses. You 
see, you make a hole, to make room for a new guess. Some- 
body says, Tou know, you people always say that space is 
continuous. How do you know when you get to a small 
enough dimension that there really are enough points in 
between, that it isn't just a lot of dots separated by little 
distances ?' Or they say, 'You know those quantum mechani- 
cal amplitudes you told me about, they're so complicated 
and absurd, what makes you think those are right? Maybe 
they aren't right'. Such remarks are obvious and are per- 
fectly clear to anybody who is working on this problem. It 
does not do any good to point this out. The problem is not 
only what might be wrong but what, precisely, might be sub- 
stituted in place of it. In the case of the continuous space, 
suppose the precise proposition is that space really consists 
of a series of dots, and that the space between them does not 
mean anything, and that the dots are in a cubic array. Then 
we can prove immediately that this is wrong. It does not 
work. The problem is not just to say something might be 
wrong, but to replace it by something - and that is not so 
easy. As soon as any really delu ite idea is substituted it 
becomes almost immediately apparent that it does not work. 

The second difficulty is that there is an infinite number of 
possibilities of these simple types. It is something like this. 
You are sitting working very haid, you have worked for a 
long time trying to open a safe. Then some Joe comes along 
who knows nothing about what you are doing, except that 
you are trying to open the safe. He says 'Why don't you 
try the combination 10:20:30?' Because you are busy, you 
have tried a lot of things, maybe you have already tried 
10:20:30. Maybe you know already that the middle number 
IS 32 not 20. Maybe you know as a matter of fact that it is 

a five digit combination So please do not send me any 

letters trying to tell me how the thing is going to work. 
I read them - 1 always read them to make sure that I have 
not already thought of what is suggested - but it takes too 



long to answer them, because they are usually in the class 
•try 10:20:30\ As usual, nature's imagination far surpasses 
our own, as we have seen from the other theories which are 
subtle and deep. To get such a subtle and deep guess is not 
so easy. One must be really clever to guess, and it is not 
possible to do it blindly by machine. 

I want to discuss now the art of guessing nature's laws. 
It is an art. How is it done? One way you might suggest is 
to look at history to sec how the other guys did it. So we 
look at history. 

We must start with Newton. He had a situation where he 
had incomplete knowledge, and he was able to guess the 
laws by putting together ideas which were all relatively close 
to experiment; there was not a great distance between the 
observations and the tests. That was the first way, but today 
it does not work so wclL 

The next guy who did something great was Maxwell, who 
obtained the laws of electricity and magnetism. What he 
did was this. He put together all the laws of electricity, due 
to Faraday and other people who came before him, and he 
looked at them and realized that they were mathematically 
inconsistent. In order to straighten it out he had to add one 
te'-m to an equation. He did this by inventing for himself a 
model of idler wheels and gears and so on in space. He found 
what the new law was - but nobody paid much attention 
because they did not believe in the idler wheels. We do not 
believe in the idler wheels today, but the equations that he 
obtained were correct. So the logic may be wrong but the 
answer right.. 

In the case of relativity the discovery was completely 
different. There was an accumulation of paradoxes; the 
known laws gave inconsistent results. This was a new kind 
of thinking, a thinking in terms of discussing the possible 
symmetries of laws. It was especially difficult, because for 
the first time it was realized how long something like New- 
ton's laws could seem right, and still ultimately be wrong. 
Also it was difficult to accept that ordinary ideas of time 
and space, which seemed so instinctive, could be wrong. 



Quantum mechanics was discovered in two independent 
ways - which is a lesson. There again, and even more so, an 
enormous number of paradoxes were discoveied experi- 
mentally, things that absolutely could not be explained in 
any way by what was known. It was not that the knowledge 
was incomplete, but that the knowledge was too complete. 
Your prediction was that this should happen - it did not. 
The two different routes were one by Schrodinger,* who 
guessed the equation, the other by Heisenbcrg, who argued 
that you must analyse what is measurable. These two dif- 
ferent philosophical methods led to the same discovery in 
the end. 

More recently, the discovery of the laws of the weak 
decay I spoke of, when a neutron disintegrates into a proton, 
aL"^ electron and an anti-neutrino - which are still only partly 
known - add up to a somewhat different situation. This time 
it was a case of incomplete knowledge, and only the equation 
was guessed. The special difficulty this time was that the 
experiments were all wrong. How can you guess the right 
answer if, when you calculate the result, it disagrees with 
experiment? You need courage to say the experiments must 
be wrong. I will explain where that courage comes from later. 

Today we have no paradoxes maybe. We have this in- 
finity that comes in when we put all the laws together, but 
the people sweeping the dirt under the rug are so clever that 
one sometimes thinks this is not a serious paradox. Again, 
the fact that we have found all these particles does not tell 
us anything except that our knowledge is incomplete., I am 
sure that history does not repeat itself in physics, as you can 
tell from looking at the examples I have given. The reason 
is this. Any schemes - such as 'think of symmetry laws*, or 
*put the information in mathematical form*, or *guess 
equations* - are known to everybody now, and they are all 
tried all the time. When you are stuck, the answer cannot 
be one of these, because you will have tried these right away. 

♦Erwin Schrodinger, Austrian theoretical physicist. Won Nobel Prize 
for Physics 1933 with Paul Dirac. 



There must be another way next time. Each time we get into 
this log-jam of too much trouble, too many problems, it is 
because the methods that we are using are just like the ones 
we have used before. The next scheme, the new discovery, 
is going to be made in a completely different way. So his- 
tory does not help us much. 

I should like to say a little about Heisenberg's idea that 
you should not talk about what you cannot measure, be- 
cause many people talk about this idea without really under- 
standing it. You can interpret this in the sense that the 
constructs or inventions that you make must be of such a 
kind that the consequences that you compute are comparable 
with experiment - that is, that you do not compute a con- 
sequence hke *a moo must be three goos', when nobody 
knows what a moo or a goo is. Obviously that is no good. 
But if the consequences can be compared to experiment, 
then that is all that is necessary. It does not matter thai moos 
and goos cannot appear in the guess. You can have as much 
junk in the guess as you like, provided that the consequences 
can be compared with experiment. This is not always fuily 
appreciated. People often complain of the unwarranted ex- 
tension of the ideas of particles and paths, etc., into the 
atomic realm. Not so at all; there is nothing unwarranted 
abo'»t the extension. We must, and we should, and we always 
do, extend as far as we can beyond what we already know, 
beyond those ideas that we have already obtained. Dan- 
gerous ? Yes. Uncertain ? Yes. Bi't it i: the only way to make 
progress. Although it is uncert lin, it s necessary to make 
science useful. Science is only useful if it tells you about 
some experiment that has not been done; it is no good if it 
only tells you what just went on. It is necessary to extend the 
ideas beyond where they have been tested. For example, in 
the law of gravitation, which was developed to understand 
the motion of planets, it would have been no use if Newton 
had simply said, i now understand the planets', and had 
not felt able to try to compare it with the earth's pull on the 
moon, and for later men to say *Maybe what holds the 
galaxies together is gravitation'. We must try that. You 



could say, *When you get to the size of the galaxies, since 
you know nothing about it, anything can happen'. I know, 
but there is no science in accepting this type of limitation. 
There is no ultimate understanding of the galaxies. On the 
other hand, if you assume that the entire behaviour is due 
only to known laws, this assumption is very limited and 
definite and easily broken by experiment. What we are 
looking for is just such hyootheses, very definite and easy 
to compare with experiment. The fact is that the way the 
galaxies behave so far does not seem to be against the 
proposition, 

I can give you another example, even more interesting 
and important. Probably the most powerful single assump- 
tion that contributes most to the progress of biology is the 
assumption that everything animals do the atoms can do, 
that the things that are seen in the biological world are the 
results of the behaviour of physical and chemical pheno- 
mena, with no 'e.xtra something'. You could always say, 
*When you come to living things, anything can happen'. 
If you accept that you will never understand living things. 
It is very hard to believe that the wiggling of the tentacle of 
the octopus is nothing but some fooling around of atoms 
according to the known physical laws. But when it is investi- 
gated with this h/pothesis one is able to make guesses quite 
accurately about how it works. In this way one makes great 
progress in understanding. So far the tentacle has not been 
cut off - it has not been found that this idea is wrong. 

It is not unscientific to make a guess, although many 
people who are not in science think it is. Some years ago I 
had a conversation with a layman about flying saucers - be- 
cause I am scientific I know all about flying saucers! I said 
i don't think there are flying saucers'.. So my antagonist 
said, is it impossible that there are flying saucers? Can you 
prove that it's impossible?' *No', I said, i can't prove it's 
impossible. It's just very unlikely'. At that he said, *You are 
very unscientific. If you can't prove it impossible then how 
can you say that it's unlikely?' But that is the way that is 
scientific. It is scientific only to say what is more likely and 



what less likely, and to be proving all the time the pos- 
sible and impossible, *io define what 1 mean, I might have 
said to him, 'Listen, I mean that from my knowledge of the 
world that I see around me, I think that it is much more 
likely that the reports of flying saucers are the results of the 
known irrational characteristics of terrestrial intelligence 
than of the unknown rational efforts of extra-terrestrial 
intelligence'. It is just more likely, that is all. It is a good 
.guess. And wc always try to guess the most likely explana- 
tion, keeping in the back of the mmd the fact that if it does 
not work we must discuss the other possibilities. 

How can we guess what to keep and what to throw away ? 
We have all these nice principles and known facts, but we 
arc in some kind of trouble: either we get the infinities, or 
we do not get enough of a description - wc are missing some 
parts. Sometimes that means that wc have to throw away 
some idea; at least in the past it has always turned out that 
some deeply held idea had to be thrown away. The question 
is, what to throw away and what to keep. If you throw it all 
away that is going a little far, and then you have not much 
to work with. After all, the conservation of energy looks 
good, and it is nice, and I do not want to throw it away. To 
guess what to keep and what to throw away takes con- 
siderable skill. Actually it is probably merely a matter of 
luck, but it looks as if it takes considerable skill. 

Probability amplitudes are very strange, and the first 
thing you think is that the strange new ideas arc clearly 
cock-eyed. Yet everything that can be deduced from the 
ideas of the existence of quantum mechanical probability 
amplitudes, strange though they arc, do work, throughout 
the long list of strange particles, one hundred per cent. 
Therefore I do not believe that when wc find out the inner 
guts of the composition of the world we shall find these 
ideas are wrong. I think this part is right, but I am only 
guessing: 1 am telling you how I guess. 

On the other hand, I believe that the theory that space is 
contini:ous is wrong, because wc get these infinities and other 
difficulties, and wc arc left with questions on what deter- 



mines the size of all the particles. I rather suspect that the 
simple ideas of geometry, extended down into infinitely 
small space, are wrong. Here, of course, I am only making a 
hole, and not telling you what to substitute. If I did, I should 
finish this lecture with a new law. 

Some people have used the inconsistency of all the prin- 
ciples to say that there is only one possible consistent world, 
that if we put all the principles together, and calculate very 
exactly, we shall not only be able to deduce the principles, 
but we shall also discover that these are the only principles 
that could possibly exist if the thing is still to remain con- 
sistent. That seems to me a big order. I believe that sounds 
like wagging the dog by the tail. I believe that it has to be 
given that certain things exist - not all the 50-odd particles, 
but a few little things like electrons, etc. - and then with all 
the principles the great complexities that come out are prob- 
ably a definite consequence. I do not think that you can get 
the whole thing from arguments about consistencies. 

Another problem we have is the meaning of the partial 
symmetries. These symmetries, like the statement that 
neutrons and protons are nearly the same but are not the 
same for electricity, or the fact that the law of reflection 
symmetry is perfect except for one kind of reaction, are very 
annoying. The thing is almost symmetrical but not com- 
pletely. Now two schools of thought exist. One will say that 
it is really simple, that they are really symmetrical but that 
there is a little complication which knocks it a bit cock-eyed. 
Then there is another school of thought, which has only one 
reprcsentati^ 2, myself, which says no, the thing may be com- 
plicated and become simple only through the complications. 
The Greeks believed that the orbits of the planets were 
circles.. Actually they are ellipses. They are not quite sym- 
metrical, but they are very close to circles. The question is, 
why are they very close to circles? Why are they nearly 
symmetrical? Because of a Icng complicated effect of tidai 
friction - a very complicated idea. It is possible that nature in 
her heart is completely unsymmetrical in these things, but 
in the complexities of reality it gets to look approximately 



as if it is symmetrical, and the ellipses iook almost like 
circles. That is another possibility; but nobody knows, it is 
just guesswork. 

Suppose you have two theories, A and B, which look 
completely different psychologically, with different ideas jn 
them and so on, but that all the consequences that are com- 
puted from each are exactly the same, and both agree with 
experiment. The two theories, although they sound different 
at the beginning, have all consequences the same, which is 
usually easy to prove mathematically by showing that the 
logic from A and B will always give corresponding con- 
sequences. Suppose we have two such theories, how are we 
going to decide which one is right? There is no way by 
science, because they both agree with experiment to the 
same extent. So two theories, although they may have deeply 
different ideas behind them, may be mathematically identi- 
cal, and then there is no scientific way to distmguish them. 

However, for psychological reasons, in order to guess new 
theories, these two things may be very fai from equivalent, 
because one gives a man different ideas from the other. By 
putting the theory in a certain kind of framework you get 
an idea of what to change. There will be something, for 
instance, in theory A that talks about something, and you 
will say, Til change that idea in here'. But to find out what 
the corresponding thing is that you are going to change in 
B may be very complicated - it may not be a simple idea at 
all. In other words, although tht7 :ire idenJoal before they 
arc changed, there are certain wa^s. of changing one which 
looks natural which will not look natural in the ot^'er. There- 
fore psychologically we must keep all the theories in our 
heads, and every theoretical physicist who is any good 
knows six or seven different theoretical representations for 
exactly the same physics. He knows that they are all equiva- 
lent, and that nobody is ever going to be able to decide 
which one is right at that level, but he keeps them in his 
head, hoping that they will give him different ideas for 
guessing. 

That reminds me of another point, that the philosophy or 



ideas around a theory may change enormously when there 
are very tiny changes in the theory. For instance, Newton's 
ideas about space and time agreed with experiment very well, 
but in order to get the correct motion of the orbit of Mer- 
cury, which was a tiny, tiny difference, the difference in the 
character of the theory needed was enormous. Tne reason 
is that Newton's laws were so simple and so perfect, and 
they produced definite results. In order to get something 
that would produce a slightly different result it had to be 
completely different. In stating a new law you cannot make 
imperfections on a perfect thing; you have to have another 
perfect thing. So the differences in philosophical ideas be- 
tween Newton's and Einstein's theories of gravitation are 
enormous. 

What are these philosophies? They are really tricky ways 
to compute consequences quickly. A philosophy, which is 
sometimes called an understanding of the law, is simply a 
way that a person holds the laws in his mind in order to 
guess quickly at consequences. Some people have said, and 
it is true in cases like Maxwell's equations, *Never mind the 
philosophy, never mind anything of this kind, just guess the 
equations. The problem is only to compute the answers so 
that they agree with experiment, and it is not necessary {:> 
have a philosophy, or argument, or words, about the equa- 
tion'. That is good in the sense thaf if you only guess the 
equation you are not prejudicing yourself, and you will 
guess better. On the other hand, maybe the philosophy helps 
you to guess. It is very hard to say. 

For those people who insist that the only thing that is 
important is that the theory agrees with experiment, I would 
like to imagine a russion between a Mayan astronomer 
and his student, 'ine Mayans woe able to calculate with 
great precision predictions, for example, for eclipses and for 
the position of the moon in the sky, the position of Venus, 
etc. It was all done by arithmetic. They counted a certain 
number and subtracted some numbers, and so on. There 
was no discussion of what the moon was. There was no 
discussion even of the idea that it went around. They just 



calculated the time when there would be an eclipse, or when 
the moon would rise at the full, and so on. Suppose that a 
young man went to the astronomer and said, *1 have an 
idea. Maybe those things are going around, and there are 
balls of something like rocks out there, and we could cal- 
culate how they move in a completely different way from 
just calculating what time they appear in the sky'. 'Yes', says 
the astronomer, 'and how accurately can you predict 
eclipses?' He says, 'I haven't developed the thing very far 
yet'. Then says the astronomer, *Well, we can calculate 
eclipses more accurately than you can with your model, so 
you must not pay any attention to your idea because ob- 
viously the mathematical scheme is better'. There is a very 
strong tendency, when someone comes up with an idea and 
says, 'Let's suppose that the world is this way', for people 
to say to him, 'What would you get for the answer to such 
and such a problem?' And he says, 'I haven't developed it 
far enough'. And they say, 'Well, we have already developed 
it much further, and we can get the answers very accurately '. 
So it is a problem whether or not to worry about philoso- 
phies behind ideas. 

Another way of working, of course, is to guess new prin- 
ciples. In Einstein's theory of gravitation he guessed, on top 
of all the other principles, the principle that corresponded to 
the idea that the forces are ahva'* :> proportional to the masses. 
He guessed the pnnciple that if you are in an accelerating 
car you cannot distinguish that frr»m being in a gravitational 
field, and by adding that principle to all the other principles, 
he was able to deduce the correct laws of gravitation. 

That outlines a number of possible ways of guessing. I 
would now like to come to some other points about the 
final result. First of all, when we are all finished, and we 
have a mathematical theory by which we can compute con- 
sequences, what can we do? It really is an amazing thing. 
In order to figure out what an atom is going to do in a given 
situation we make up rules with marks on paper, carry them 
into a machine which has switches that open and close in 
some complicated way, and the result will tell us what the 
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atom is going to do! If the way that these switches open and 
close were some kind of model of the atom, if we thought 
that the atom had switches in it, then I would say that 1 
understood more or less what is gomg on. I find it quite 
amazing that it is possible to predict what will happen by 
mathematics, which is simply following rules which really 
have nothing to do with what is going on in the original 
thing. The closing and opening of switches in a computer 
is quite different from what is happening in nature. 

One of the most important things in this 'guess - compute 
consequences - compare with experiment' business is to 
know when you are right. It is possible to know when you 
are right way ahead of checking all the consequences. You 
can recognize truth by its beauty and simplicity. It is ai\^ays 
easy when you have made a guess, and done two or three 
Uttle calculations to make sure that it is not obv'ously 
wrong, to know that it is right. When you get it right, it is 
obvious that it is right - at least if you have any experience 
- because usually what happens is that more comes out 
than goes in. Your guess is, in fact, that something is very 
simple. If you cannot see immediately that it is wrong, and 
it is simpler than it was before, then it is right. The in- 
experienced, and crackpots, and people like that, make 
guesses that are simple, but you can immediately see that 
they are wrong, so that does not count. Others, the inex- 
perienced students, make guesses that are very complicated, 
and it sort of looks as if it is all right, but I know it is not 
true because the truth always turns out to be simpler than 
you thought. What we need is imagination, but imagination 
in a terrible strait-jacket. We have to find a new view of the 
worid that has to agree with everything that is known, but 
disagree in its predictions somewhere, otherwise it is not 
interesting. And in that disagreement it must agree with 
nature. If you can find any other view of the worid which 
agrees over the entire range where things have already been 
observed, but disagrees somewhere else, you have made a 
great discovery. It is very neariy impossible, but not quite, 
to find any theor>' vhich agrees with experiments over the 



entire range in which all theories have been checked, and 
yet gives different consequences in some other range, even 
a theory whose different consequences do not turn out to 
agree with nature. A new idea is extremely difficult to think 
of. It takes a fantastic imagination. 

What of the future of this adventure? What will happen 
ultimately ? We are going along guessing the laws ; how many 
laws are we going to have to guess ? I do not know. Some of 
my colleagues say that this fundamental aspect of our 
science will go on; but I think there will certainly not be 
perpetual novelty, say for a thousand years. This thing can- 
not keep on going so that we are always going to discover 
more and more new laws. If we do, it will become boring 
that there are so many levels one underneath the other. It 
seems to me that what can happen in the future is either that 
all the laws become known - that is, if you had enough laws 
you could compute consequences and they would always 
agree with experiment, which would be the end of the line - 
or it may happen that the experiments get harder and harder 
to make, more and more expensive, so you get 99-9 per cent 
of the phenomena, but there is always some phenomenon 
which has just been discovered, which is very hard to 
measure, and which disagrees ; and as soon as you have the 
explanation of that one there is always another one, and 
it gets slower and slower and more and more uninteresting. 
That is another way it may end. But I think it has to end in 
one way or another. 

We are very lucky to live in an age in which we are still 
making discoveries. It is like the discovery of America - 
you only discover it once. The age in which we live is the age 
in v;hich we are discovering the fundamental laws of nature, 
and that day will never come again. It is very exciting, it is 
marvellous, but this excitement will have to go. Of course in 
the future there will be other interests. There will be the 
interest of the connection of one level of phenomena to 
another - phenomena in biology and so on, or, if you are 
talking about exploration, exploring other planets, but there 
will not still be the same things that we are doing now. 



Another thing that will happen is that ultimately, if it 
turns out that all is known, or it gets very dull, the vigorous 
philosophy and the careful attention to all these things that 
I have been talking about will gradually disappear. The 
philosophers who are always on the outside making stupid 
remarks will be able to close in, because we cannot push 
them away by saying, 'If you were right we would be able 
to guess all the rest of the laws', because when the laws are 
all there they will have an explanation for them. For irs- 
stance, there are always explanations about why the world 
is three-dimensional. Well, there is only one world, and it is 
hard to tell if that explanation is right or not, so that if 
everything were known there would be some explanation 
about why those were the right laws. But that explanation 
would be in a frame that we cannot criticize by arguing that 
that type of reasoning will not permit us to go further. 
There will be a degeneration of ideas, just like the degenera- 
tion that great explorers feel is occurring when tourists 
begin moving in on a territory. 

In this age people are experiencing a delight, the tremen- 
dous delight that you get when you guess how nature will 
work in a new situation never seen before. From experi- 
ments and information in a certain range you can guess v;hat 
is going to happen in a region where no one has ever ex- 
plored before. It is a little different from regular exploration 
in that there are enough clues on the land discovered to 
guess what the land that has not been discovered is going 
to look like. These guesses, incidentally, are often very 
different from what you have already seen - they take a lot 
of thought. 

What is it about nature that lets this happen, that it is 
possible to guess from one part what the rest is goi ng to do? 
That is an unscientific question: I do not know how to 
answer it, and therefore I am going to give an unscientific 
answer. I think it is because nature has a simplicity and 
therefore a great beauty. 
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Institute of Technology. He hos been o Notional 
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moin interest ts m the history of relotivity ond quon- 
tu'n mechanics 

EDWARD MILLS PURCELL 

Edward Mills Purcell,, Professor of Physics ot Horvord 
University,^ wos born in 1912 in Toylorville, Illinois. He 
wos cducoted ot Purdue University ond ot {-lorvord Dur- 
ing World V/or II he worked os o reseorcher at the Rodio- 
tion Loborotory,, ond he hos been o member of the 
Science Advisory Boord for the United Stotes Air Force 
ond of the President's Science Advisory Committee For 
his v^'ork in nucleor mognetism, E. M. Purcell wos 
owordcd the 1952 Nobel Prize in Physics. He hos olso 
spedolixed in microwove phenomeno ond rodio-frequency 
spectroscopy. With Furry ond Street he hos written o 
textbook. Physics f or Science ond Encjineering Students 

ERIC MALCOLM ROGERS 

Eric Malcolm Rogers, Professor of Physics ot Princeton 
Un.vorsity, wos ixirn in Bickley, Englond in 1902. He 
received h*s educotion ot Cambridge ond loter wos o 
demonstrotor ot the Covendish Loborotory Since 1963 
he hos been the orgonize* in physics for the Nuffield 
Foundation Science Teoch.ng Proj * He is the outhor 
of the tex*book. Ph ysics ^or the Inquiring Mmd . 

ERWIN SCHRODINGER 

Erwir. Schrodinger (1887-1961) wos bom m Vienno 
ond becoTie successor oF Max Plonck os professor 
of physics oi the University of Berlin His work pro- 
vided some of the bosic cquotlons of the quontum theory. 
Jointly with Paul A M Dirac Se wos owarded the Nobel 
Prize in physics in 1933 for :he discovery of new produi,- 
tive forms of otooilc theory Orlgmolly he hod plonned 
to be o philosopher, ond he wrote widely-reod bocks 
conf erning the relation between science ond the humonl- 
ties, OS well os some poetry 

CYRIL STANLEY SMITH 

Cyril Stonlcy Smith,, F ofessor of Physics ct Mossochusetts 
Institi^te of Technology, «vos born in Birmingham,, Englond, 
In 1903, h 1926 he rc-eived h.s doctor of science from 
MIT. He has done res«-arrh I ohyslcal metoMurgy ot MIT, 
the Amcncon Bross Co ^pony, and during World War II, 
the Los Alomos Laboriiv ry For his work there he received 
the United Scores Me^ol of Merit In 1946. Professor Smith 
l^os ser-'ed on the Generol Advisory Committee to the ^tomlC 
Energy Commission ond on the President's Scientific Advisory 
Commlt'ec. His Intor^^st rCTCf d-^cply into history of 
sricnce 'jnd technology/ he U -Iso on art collector. 
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Chorles Percy Snow, Boron of Leicester,, wos born in 
1905 ond cducoted ot University College, Leicester, 
ond ot Christ's College, Combridge Although well 
known OS o novelist, especiolly deoling with the lives 
ond problems of professionol men, he hos held such 
diverse positions os chief of scientific personnel for 
the Ministry of Labour,, Civil Service Commissioner, 
ond o Director of the English Electric Co.,, Ltd His 
writings hove been widely occloimed, omong his novels 
ore The Seorch , The New Men ond Corridors of Power 
His nonflctlon books on science ond its consequences in- 
clude The Two Cultures ond the Scientific Revolut ion,, 
and Science ond Government 

JOHN LIGHTON SYNGE 

John Lighton Synge wos born in Irelond in 1897. He hos 
tought ot universities in Irelond, Conodo, and the United 
States, ond is currently Professor of Mothemotics ot the 
Institute for Advanced Studies in Dublin, He is the 
President of the Royal Irish Acodemy. Synge hos written 
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ncol Optics ona Principles of Mechonics , ond hos coedited 
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SIR JOSEPH JOHN THOMSON 

Sir Joseph John Thomson (1856*1940) w-, born near 
Monchester, Englond. At fourteen he entered o 
college m Monchester, ot twenty he entered Combridge 
on o scholorship, ond ot twenty-seven become professor 
of physics ot Combridge It wos Thomson whose work 
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electrons In 1906 J. J Thomson wos awarded the 
Nobel Prize, ona In 1908 he was knighted. During 
Thomson's period as Director of the Covendish Loborotory 
ot Combridge, eight Nobel Prizes were won by his 
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In subotomic experlmentol physics for olmost forty yeors 
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